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Woven fabrics constructed from high-strength polymeric fibres are widely used 
in flexible personal protection systems. They are also effective in shielding critical 
components in aircraft and vehicles as part of rigid composites. The polymeric yarns 
they are made from have been shown to possess viscoelastic properties and exhibit 
strain rate hardening. There are now many polymeric fibres with exceptionally high 
elastic moduli and strength-to-weight ratios. Examples of materials that are 
commercially available include aramids (e.g. Kevlar®, Twaron®) and ultra high 
molecular weight polyethylene (e.g. Spectra®, Dyneema®). The employment of high-
strength polymeric fibres in ballistic applications has motivated studies into their 
mechanical properties, involving experiments and theoretical modelling. 
 
This investigation is directed at furthering the dynamic testing methodology for 
high-strength polymeric fibres based on the tensile split Hopkinson bar method and 
the transverse impact method, to identify the dynamic mechanical properties and 
failure modes of Spectra® 900 yarn and of Spectra Shield® flexible laminated 
composite at rates of loading corresponding to impact. Another objective is to 
establish a computational model for fabric that incorporates viscoelastic material 
properties, inter-yarn interactions and fabric architecture features in order to describe 
the penetration response of Spectra® 903 woven fabric. 
 
Quasi-static tests on Spectra® samples are performed using universal testing 
machines, while dynamic tension is applied by means of a split Hopkinson bar 
arrangement. The grips used to hold the specimens are found to interrupt stress wave 
 VII
propagation, thereby producing inaccuracies. Consequently, a correction method 
based on one-dimensional stress wave theory is proposed. The corrected results show 
that there is an increase in the material modulus and failure stress, accompanied by a 
decrease in failure strain, as the strain rate is increased for both Spectra® 900 yarn and 
Spectra Shield® flexible composite. An increase in temperature for Spectra® 900 yarn 
has the opposite effect on these properties. The experimental data are described by the 
Wiechert spring-dashpot constitutive model. 
 
Scanning electron microscopy (SEM) is used to examine the broken filament 
ends of tested specimens in order to deduce the relationship between strain rate and 
failure mechanisms. The images indicate that both Spectra® 900 yarn and Spectra 
Shield® composite exhibit a transition from ductile failure at quasi-static strain rates 
to mixed ductile failure and brittle fracture modes at dynamic strain rates. However, at 
high strain rates, Spectra Shield® demonstrates an increase in the proportion of 
filaments that fail in a ductile manner or by shearing, although brittle fracture 
continues to dominate.  This is postulated to be caused by frictional or adiabatic 
heating and insufficient time for alignment of filaments in the direction of loading. 
 
 Computer simulations and experiments involving transverse projectile impact 
on single viscoelastic yarns show that the stress and strain at the elastic and transverse 
wave fronts decay with time, resulting in a decrease in the transverse wave velocity.  
The equations used in determining the instantaneous modulus and stress wave 
velocity are therefore applicable only for a short time after impact, but can still be 
employed to provide accurate results, provided a sufficiently high photographic 
framing rate is used to determine the maximum transverse wave velocity. 
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Projectile penetration tests are performed on square samples of woven Spectra® 
903 fabric clamped on two sides. An increase in impact velocity results in an increase 
in energy absorbed until a critical velocity, after which the energy absorbed decreases 
sharply. A computational model of Spectra® 903 fabric is developed using ABAQUS 
finite element software. Truss elements are arranged in a zigzag pattern to model the 
yarn weave. To capture the rate sensitivity of the material, each straight segment of 
the repeating V-sequence that models a woven yarn consists of one elastic and one 
viscoelastic truss element, with failure properties assigned to the elastic element. The 
failure criterion incorporates failure stress and fracture energy considerations. Friction 
is introduced in order to accommodate inter-yarn sliding. Predictions based on this 
model exhibit good agreement with experimental data in terms of the ballistic limit 
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Chapter 1 – Introduction 
Flexible body armour provides a comfortable and inconspicuous way of 
protection against small calibre projectiles. Fibrous fabric armour is preferred over 
conventional rigid metal armour because of its superior strength-to-weight ratio. 
Polyphenylene terephthalamide (PPTA) or aramid fibres are the most widely used 
fibres for ballistic resistance, with commercial names like Kevlar® and Twaron®, 
which are manufactured by DuPont and Teijin respectively. Growing in usage are 
ultra high molecular weight polyethylene (UHMWPE) fibres. Spectra® fibre, 
manufactured by Honeywell, has a specific strength 40 percent greater than that of 
Kevlar®. In addition, it is highly resistant to chemicals such as diesel fuel, oil and 
solvents [1]. Unlike aramid fibres, it does not degrade in water and has negligible 
moisture absorption. For these reasons, Spectra® fibre has inherent advantages in 
ballistic applications. Spectra Shield® flexible laminated composite has been utilised 
in protective vests and as lightweight material for hard-armour composite plates. The 
latter is used in vehicle armour, as armour plates for aircraft wings and in shrapnel-
resistant helmets, where it provides high levels of ballistic performance at greatly 
reduced weights. The US military uses multiple layers of Spectra Shield® bonded to a 
ceramic strike face to produce Small Arms Protective Insert (SAPI) armour plates. 
 
A comparison of the energy absorption of Spectra®, Kevlar® and graphite 
composites has shown that Spectra® composites have the highest energy absorption 
per unit areal density [2]. Furthermore, the longitudinal strain wave velocity in 
Spectra® is larger than that in any other fibre [3]. This helps to rapidly dissipate the 
energy of impacting projectiles to a larger area of the material. Theoretical analysis of 
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ballistic impact processes involving fabric is difficult due to complexities arising from 
the textile structure, physics of penetration, and the viscoelastic nature of fibres. A 
knowledge of the dynamic mechanical properties of the material has a direct bearing 
on the accuracy of predictions related to its impact response. Nevertheless, reports on 
dynamic testing methods for high-strength fibres are scarce due to practical 
difficulties in undertaking such work. 
 
 
Wang and Xia [4] performed dynamic tensile tests on Kevlar® fibre bundles 
using a split Hopkinson tension bar. Yarns were held in place using adhesive. Later, 
Shim et al. [5] designed a pair of yarn specimen grips for split Hopkinson bar tensile 
tests on Twaron® fabric strips; this simplified the experimental procedures. The 
dynamic response of fabric systems when they are subjected to ballistic impact is not 
dependent solely on the response of individual yarns, but also on the way yarns 
interact with one another because they are woven together into a fabric system. In 
addition to materials selection, the design parameters for flexible fabric armour 
include weave architecture, weave density, surface treatment of the constituent yarns 
and yarn count – these affect the way yarns interact with one another. 
 
Computational simulation is increasingly being used to investigate the ballistic 
performance of high-strength fabrics, as computational costs continue to decrease 
with the availability of affordable high-performance computing systems. Numerical 
analysis allows the designer to study the ballistic performance of fabric armour 
systems by facilitating detailed examination of their impact response. When a fabric 
system is modelled with sufficient detail and accuracy, simulation can yield important 
information not directly measurable from experiments. Many models of woven fabric 
have been developed. For example, Taylor and Vinson [6] treated fabric undergoing 
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ballistic impact as a homogeneous conical shell under quasi-static loading. Lim et al. 
[7] studied the ballistic response of fabric using finite element analysis by modelling 
fabric with isotropic membrane elements. Roylance and Wang [8] introduced a more 
structurally accurate model in the form of a mesh of flexible linear elements pin-
jointed at yarn crossover points. Shim et al. [9] adopted this fabric model and 
incorporated yarn crimp and material viscoelasticity to investigate the ballistic 
response of cross-woven aramid fabric. 
 
1.1 Objectives 
This study aims to improve the dynamic testing methodology for high-strength 
polymeric fibres based on the tensile split Hopkinson bar method and the transverse 
impact method, to obtain the high strain rate response of Spectra® 900 yarn and 
Spectra Shield® laminated composite. The responses obtained enable the formulation 
of accurate viscoelastic constitutive models of these materials. Another objective is to 
establish a computational model of Spectra® 903 woven fabric that incorporates the 
material model derived for Spectra® 900 yarn, together with realistic structural 
features and inter-yarn interactions. This fabric model enables the prediction of the 






A literature review of studies related to the dynamic tensile testing of materials 
and ballistic impact on fabric is presented in Chapter 2. Chapter 3 describes the 
dynamic tensile testing of Spectra® 900 yarns using the split Hopkinson bar (SHB) 
method. Specially-designed grips are incorporated to hold the specimen. The tensile 
tests are conducted at 20°C, 40°C and 60°C to examine the effect of ambient 
temperature. The effect of the grips on the results is investigated, and the necessary 
corrections are recommended. The experimental stress-strain responses are modelled 
by the Wiechert viscoelastic constitutive model. Failure data are also obtained, and 
scanning electron micrographs are taken to investigate the failure mechanisms. The 
influence of temperature on the results is also studied. Similar tests are repeated on 
Spectra Shield® LCR at 20°C; this is described in Chapter 4. 
 
Chapter 5 describes finite element analyses of transverse projectile impact on an 
elastic yarn and Spectra® 900 viscoelastic yarn to assess the accuracy of the transverse 
impact method in calculating the elastic or instantaneous modulus and the stress wave 
velocity. The effects of different projectile velocities, pre-tension and coefficient of 
friction between projectile and yarn are identified by simulation. Transverse impact 
tests are performed on Spectra® 900 and Spectra® 1000 yarns to obtain their 
instantaneous moduli. 
 
Projectile impact experiments on Spectra® 903 fabric, which is composed of 
Spectra® 900 yarns, are presented in Chapter 6. A finite element fabric model is 
proposed in order to simulate the ballistic penetration of Spectra® 903 fabric, and 
simulations are performed using ABAQUS. The yarns are arranged in a zigzag 
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pattern, consisting of two truss elements per straight segment. Friction is introduced to 
model inter-yarn sliding. Each straight segment of the sequentially repeating            
V-pattern forms a material unit, consisting of one elastic and one viscoelastic truss 
element, with failure properties assigned to the elastic element. The energy absorption 
characteristics and failure patterns predicted are compared to those from ballistic 
impact tests. 
 
Chapter 7 draws conclusions from the investigation and also recommends 
possible future directions. 
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Chapter 2 – Literature Review 
2.1 Dynamic Tensile Testing of Yarns 
Detailed descriptions of dynamic testing techniques and procedures for polymer 
fibres are rare in existing literature despite their significance in ballistic design.  
Cansfield et al. [10] demonstrated in an early set of experiments that the tensile stress-
strain behaviour of ultra high modulus linear polyethylene is very dependent on strain 
rate. It was observed that there is a transition from ductile to brittle behaviour as the 
strain rate is increased. The strain rate was varied by changing the crosshead speed of 
an Instron tensile tester and consequently the range of strain rates studied is limited 
(10-5–10-1s-1). Their findings are therefore insufficient to represent the material 
properties at higher dynamic strain rates. 
 
2.1.1 The Split Hopkinson Bar Method 
A well-established way of obtaining dynamic material properties is by using the 
split Hopkinson bar (SHB) method. Devised by Kolsky [11], this is an impact-
actuated testing apparatus based on one-dimensional elastic stress wave propagation 
theory [12] (Appendix A). It is capable of testing materials at strain rates between 
102s-1 and 103s-1.  Kinari et al. [13] used a tensile SHB to test specimens of Kevlar® 
29 yarn at strain rates up to 103s-1. From the experimental results, empirical equations 
for the breaking load, elongation at failure and fibre modulus were derived. Xia et al. 
[14] chose to use a statistical model of the strain rate dependence of the strength of 
fibres based on the Weibull distribution. They hypothesized that a mechanical 
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relationship exists between fibres and fibre bundles, such that the residual load on a 
fibre bundle is equally distributed among the remaining unbroken fibres. This allowed 
a stress and strain relation to be devised. Dynamic tensile tests on E-glass fibres were 
conducted using a tensile SHB to obtain the parameters of the Weibull distribution.  
 
Chocron-Benloulo et al. [15] proposed a dynamic tensile testing technique for 
fibre-reinforced composites using a split Hopkinson tension bar and compression 
grips. Experiments and numerical simulations were performed to validate the use of 
grips. The Hopkinson bar was used to estimate the strain rate dependence of aramid 
and polyethylene fibre composites. Wang and Xia [4] employed a split Hopkinson 
tension bar loaded by a high-speed rotating disc to perform dynamic tensile tests on 
Kevlar® 49 fibre bundles. Aramid yarn was looped around two aligned blocks, 
yielding 18 parallel strands. The blocks with yarns were then bonded to the input and 
output bars with high shear strength adhesive. Later, Shim et al. [5] designed a pair of 
grips for split Hopkinson tension bar tests on Twaron® CT716 fabric strips; this 
simplified the experimental procedures. A three-element viscoelastic model was used 
to fit the stress-strain data. 
 
2.1.2 Stress Uniformity in Split Hopkinson Bar Test 
Specimens 
The assumption of uniform stress in a test specimen is fundamental to the split 
Hopkinson bar (SHB) test technique. Yang and Shim [16] applied the method of 
characteristics for one-dimensional stress waves to investigate stress uniformity in 
specimens tested using an SHB. The time duration (in terms of number of wave 
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transits between the ends of the specimen) required to attain stress uniformity was 
established and related to the relative mechanical impedance between the specimen 
and the input/output bars. It was found that the time required to achieve a uniform 
stress state in a specimen for a perfectly rectangular incident pulse is noticeably 
longer than that for a pulse with a finite rise time. This indicates that the inclusion of a 
rising edge in the incident pulse reduces the time taken to reach stress uniformity. The 
findings also suggest that there is an optimum incident pulse shape that promotes 
rapid attainment of stress equilibrium in specimens, so that measured data is reliable. 
Results of this analysis are useful in distinguishing whether measured data is valid 
and enhances understanding of the limitations of the SHB technique. 
 
2.1.3 Radial Stress Uniformity in Split Hopkinson Pressure 
Bars 
Merle and Zhao [17] presented a method to correct errors due to non-uniform 
distribution in stress and strain over a Hopkinson bar cross-section in the calculation 
of force and particle velocity for a large-diameter split Hopkinson pressure bar 
(SHPB). It is based on the analytical solution of harmonic wave propagation in an 
infinite elastic or linear viscoelastic bar, taking into account not only the non-
uniformity of stress, strain and particle velocity in a cross-section, but also non-
proportionality between axial stress and strain due to three-dimensional stress and 
strain states. Applications of the analysis to strain signals from 60mm diameter 
aluminium, 22mm diameter steel and 60mm diameter nylon viscoelastic SHPBs for 
low striker velocities (10m/s) showed that such effects contribute an error of less than 
5% in the cases examined. An estimate of the upper limit of the error was obtained by 
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using the strain signal derived from Skalak’s [18] analytical solution for two semi-
infinite bars. For the largest existing SHPB setup reported, the potential error can 
reach 20% for high impact velocities. The correction method presented would then be 
essential. 
 
2.1.4 The Transverse Impact Method 
Prevorsek et al. [3] used a gas gun to propel a polymethylmethacrylate (PMMA) 
projectile onto a vertically suspended Spectra® 1000 yarn. The deformation of the 
yarn was observed using a high-speed camera. Using a theory based on longitudinal 
stress wave and transverse wave propagation [19, 20] (Appendix C) and the value of 
the transverse wave velocity, the instantaneous modulus of the fibre was calculated.  
 
2.2 Molecular Structure of Spectra® 
Spectra® yarn has the properties of ultra high molecular weight polyethylene 
(UHMWPE) with extended and oriented chains. Hearle [21] mentioned that strong 
intramolecular covalent C–C bonds hold the chains together and constitute the 
primary bonds of the structure. Attraction also occurs between molecular chains, with 
Van der Waals forces binding the chains. These forces are weak and constitute 
secondary bonds of the structure. Being weak in nature, these intermolecular forces 
can easily be overcome, resulting in intermolecular slip. 
 
Berger et al. [22] observed that the microstructure of UHMWPE fibre consists 
of crystalline regions in series with amorphous regions which contain inter-crystalline 
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tie molecules. Using wide-angle X-ray scattering (WAXS) which measures the degree 
of crystallinity and high-resolution electron microscopy, Prevorsek et al. [3, 23] 
similarly described the structure of a microfibril as not uniform in density but 





Fig. 2.1: Structural model of Spectra® fibre [3] 


















2.3 Mechanical Properties of High-Strength Fibres 
2.3.1 Strain Rate Sensitivity 
Wang and Xia [4] performed quasi-static and split Hopkinson bar tensile tests 
on Kevlar® 49 fibre bundles at strain rates between 10-4s-1 and 103s-1.  They observed 
that the initial modulus, failure stress and failure strain decrease with strain rate. 
Prevorsek et al. [24] subjected Spectra® 1000 fibres to tension at strain rates up to 
5×102s-1 using an Instron high-rate testing machine. Their results show that the elastic 
modulus of the fibre increases with strain rate.   
 
Shim et al. [5] conducted quasi-static and dynamic tensile tests on Twaron® 
CT716 fabric strips and observed an increase in failure stress and modulus and a 
decrease in failure strain as the strain rate is increased. The decrease in failure strain 
of the material at high strain rates was attributed to a shorter duration at which a bond 
remains at a particular stress level. Although the activation stress for shear yielding is 
lower than that required for brittle fracture, there is less time for intermolecular slip to 
occur and for the associated failure strain to be exceeded. Hence, the probability of 
primary bond failure increases, resulting in brittle fracture. Thus, at low strain rates, 
plastic deformation is predominant, whereas at high strain rates, brittle failure is 
predominant. This results in an increase in the failure stress and a decrease in the 
failure strain with increasing strain rate.  
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2.3.2 Temperature Effects 
Depending upon their glass transition temperature Tg, polymeric materials like 
UHMWPE have different temperature regimes where different failure modes 
predominate. Below Tg, the activation stress for brittle fracture is lower and this mode 
predominates. Above Tg, the activation stress for yielding is lower and so yielding is 
the primary failure mechanism [25]. However, at high strain rates, brittle failure 
dominates, even at temperatures above Tg. This can be explained by the insufficient 
time for intermolecular slip and plastic deformation to occur due to the extremely 
short duration of intense loading [5, 26]. Prevorsek et al. [27] examined the 
viscoelastic hysteresis (portion of strain energy converted to heat) of Spectra® fibres 
and calculated that the temperature rise in Spectra® fibre specimens for an adiabatic 
straining to break is insignificant (≤1°C).  
 
Wang and Xia [28] carried out dynamic tensile tests on Kevlar® 49 fibre bundles 
using a split Hopkinson bar. Strain rates of 140s-1, 440s-1 and 1350s-1 were imposed 
on specimens over a range of temperatures from −60°C to 90°C. An increase in 
temperature causes a decrease in initial modulus and an increase in failure strain. In a 
study by Huang et al. [29] on UHMWPE fibre bundles at strain rates of 300s-1 and 
700s-1 and temperatures of 25°C and 70°C, the initial modulus and failure stress 





2.4 Viscoelastic Constitutive Models 
Linear elastic behaviour is illustrated by a spring element. The spring constant E 
describes the ability of the material to transform a strain into a stress. Linear elastic 
behaviour is defined by 
εσ E=  (2.1) 
 
A dashpot element is used to illustrate viscous response. The viscosity μ of the 
dashpot defines the ability of the material to transform a strain rate into a stress. 
Viscous behaviour is described by 
εμσ &=  (2.2) 
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Fig. 2.3: Maxwell and Voigt models 
 
Spring and dashpot elements can be arranged either in series or parallel [30, 31]. 
A series arrangement corresponds to the Maxwell model while a parallel arrangement 
gives the Voigt model (Fig. 2.3). By themselves, neither the Maxwell nor the Voigt 
model is able to provide a complete representation of viscoelastic behaviour. A 
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viscoelastic material displays both creep and stress relaxation, depending on the mode 
of excitation. The application of stress excitation results in a creep response, whereas 
stress relaxation behaviour is exhibited when the viscoelastic solid is subjected to a 
strain input. The Voigt model is capable of capturing creep but not stress relaxation. 
On the other hand, the reverse is true for the Maxwell model. However, they both 
constitute the basic units by which more complex models can be constructed.  
 
The mechanical analogs described have been associated with the molecular 
response mechanisms of materials. For instance, a spring element can be used to 
describe the change in bond angle or bond length, while a dashpot element is used to 
represent the slipping of molecular segments past one another. However, it must be 
emphasized that the representation of viscoelastic behaviour by springs and dashpots 
must not be construed to be the actual mechanisms that occur at the molecular level. 
These analogs cannot be expected to capture all the features of material viscoelastic 




















Based on Termonia and Smith’s [26] model of highly oriented polymeric fibres 
(Fig. 2.4), the strain experienced by the fibres arising from a tensile load comes partly 
from the extension of polymer chains and partly due to their displacement relative to 
one another. Fracture can occur by either intermolecular slippage of secondary bonds 
(Van der Waals forces) or the scission of primary bonds (intramolecular C–C bonds), 
depending on the strain rate. Bicerano [25] expressed a similar representation in a 
more generalised manner. The term ‘link’ was used to encompass both the covalent 
bonds in the polymer chains and inter-chain attraction such as Van der Waals forces 
and hydrogen bonds. Each link can be viewed as a spring with a certain stiffness 
value. When a stress is applied, the weakest links (secondary bonds) deform more 
easily than the strong covalent bonds. Bicerano [25] therefore believed that the tensile 
modulus and strength of a highly oriented polymer is influenced by the stiffness of the 




The deficiency of the Voigt model in its ability to model stress relaxation can be 
mitigated by the addition of a spring element in series to form the standard linear solid 
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The combined effect of the primary bonds can be represented by the spring 
constant E1 and that of secondary bonds by the spring constant E2. Viscous response 
caused by the slipping and sliding of polymer chains relative to each other is captured 
by the viscosity parameter μ. E1 is larger than E2, since primary bonds are stiffer than 
secondary bonds. At low strain rates, both springs in the model can extend when a 
tensile load is applied. But since E1 is larger than E2, the spring with constant E2 has a 
higher probability of reaching its failure strain sooner and rupturing. This represents 
the intermolecular slip that occurs at low strain rates. At high strain rates, extension of 
spring E2 is impeded by the dashpot element. Thus, spring E1 is more likely to reach 
its failure strain and rupture before spring E2. This represents the predominantly 
brittle fracture that occurs at high strain rates attributed to primary bond failure. Both 
primary and secondary bonds can extend in the direction of the applied load and 
therefore both types of bond must be broken for failure to occur. Hence both slip and 
brittle fracture are involved in failure, although one mode will predominate at a 
certain strain rate.  
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2.5 Armour-Grade Fabrics 
Armour-grade fabric materials are characterised by high tensile strength and 
modulus and low elongation before rupture. Despite the low elongation, a high 
strength allows the fabric to sustain large stresses. A stiff modulus yields a high stress 
wave velocity, which causes stresses and strains to be transmitted quickly throughout 
the entire fabric during the short duration of an impact. This in turn enables the fabric 
to dissipate a large amount of kinetic energy. Many other parameters participate in 
governing the energy absorption capability or armour fabric, including the weave 
pattern, number of fabric plies, areal density and surface roughness, as well as 
variables such as impact velocity, impact angle, projectile shape and boundary 
conditions.  
 
By convention, yarn material is measured using its own unique units. The linear 
density of a yarn is measured in decitex (g/10,000m) or denier (g/9000m). The 
strength or tenacity is defined as the breaking force per unit linear density, i.e. N/dtex 
or N/den. Man-made high-performance fibre is characterised by a high modulus and a 
high tenacity (HM-HT). Three features in polymer fibres are required for this [21]: (1) 
long polymer chains (high molecular weight); (2) fully extended chains (molecular 
chains are straight); (3) a high degree of orientation along the fibre axis (molecular 
chains are aligned in the direction of applied stress).  
 
In ballistic protection applications, woven fabrics are favoured because studies 
have shown that fabrics with a loose and unbalanced structure yield inferior 
performance [32]. Two typical weave patterns for armour-grade fabric are the plain 
and basket weave (Fig. 2.6). 
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Fig. 2.6: Fabric weave patterns for ballistic applications: (a) plain 








2.5.1 Effects of Impact Parameters 
The energy absorbed by a fabric varies with the impact velocity [6, 9, 32, 33, 
34]. The ballistic limit is an indication of the ability of a fabric system to totally arrest 
a projectile and is defined as the velocity at which perforation just occurs. Below the 
ballistic limit, the fabric system absorbs all of the projectile energy. As the impact 
velocity increases, the energy absorbed increases up to a critical velocity, after which 
the energy absorbed drops abruptly. The critical velocity defines the point of 
maximum energy absorption. Differences in the degree of residual deformation are 
evident between samples impacted at low velocities close to the ballistic limit, versus 
those impacted at high velocities, several hundred metres per second above the 
ballistic limit. Low-velocity perforation produces a larger region of creasing and 
stretching, while deformation accompanying high-velocity perforation affects a small 
area. At high impact velocities, the fabric is penetrated so quickly during impact that 
there is very little time for the impact energy to be dissipated away from the impact 
point to the rest of the fabric. 
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The impact energy absorbed is also dependent on the projectile nose shape [33]. 
Projectiles with sharper noses can penetrate a target at a lower velocity, and this 
results in less energy absorbed by the fabric. The failure mechanisms of targets vary 
with the shape of the projectile. Hemispherical projectiles mainly stretch yarns to 
rupture, while flat-head projectiles generally shear the yarns. Conical and ogival 
heads are sharper and able to push yarns aside and slip through the fabric without 
breaking them. In practical applications, fabric armour may be struck by a projectile 
at an oblique angle of incidence.  
 
In most applications, it is envisaged that a fabric target will be perforated by a 
high-speed projectile before the stress waves reflect from the target boundaries. 
However, in instances where the impact velocity is relatively low (e.g. secondary 
impact by fragments) or if the target is small, the response will be sensitive to 
boundary conditions. From testing Kevlar® and Spectra® fabric samples clamped 
between aluminium plates of varying aperture sizes, Cunniff [32] found that the 
ballistic limit is strongly dependent on aperture size, and that a smaller aperture 
decreases the ballistic limit. It was explained that a smaller aperture results in greater 
constraints on transverse and longitudinal deflection. 
 
Shockey et al. [35] investigated the ballistic behaviour of polybenzobisoxazole 
(PBO) fabric and compared the results of projectile impact tests on targets clamped 
along two and four edges. They found that fabric samples with two clamped and two 
free edges absorb significantly higher energy than fabric systems with four fully 
clamped edges. This is attributed to the greater transverse deflection of the fabric 
when only two sides are clamped. 
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2.5.2 Effects of Fabric Parameters 
The ballistic response of body armour systems may be affected by fabric 
construction. Cunniff [32] explained that balanced weaves, such as that in a plain-
woven fabric, provide ballistic performance superior to unbalanced systems. An 
unbalanced geometry gives rise to uneven development of transverse and longitudinal 
waves in the target. With less material in the fabric experiencing strain, inferior 
performance is expected. In order to achieve the desired level of ballistic protection, 
multiple plies of fabric are usually stacked together. Cunniff [32] reported that such 
systems are inferior in comparison to spaced fabric layers. In spaced fabric systems, 
each ply responds independently and contributes directly to the system’s ballistic 
performance. The inferior performance of contacting plies is attributed to several 
effects, including interference of the transverse deflection of plies by subsequent ones, 
as well as increased transverse shear and compressive stresses in plies near the impact 
face arising from resistive compressive forces from latter plies. Lim et al. [34] studied 
double-ply fabric systems subjected to impact by projectiles with different nose 
shapes. For a hemispherical head, the double-ply system is inferior to the spaced 
system. However, for sharper nosed projectiles, the converse is true, as the yarns are 






2.5.3 Effects of Inter-Yarn Slippage 
Yarn slippage is often evident upon examining post-impact fabric specimens [6, 
32, 33, 36]. During the impact process, dynamic yarn slippage occurs not only at the 
impact point but also farther away, especially near unclamped boundaries. Slippage of 
yarns at the impact point has several effects on the performance of fabrics. Slippage 
of the primary yarns (those in direct contact with the projectile) away from the 
projectile results in lower tensile forces to resist the projectile. As yarns slip away 
from the projectile, they are resisted by orthogonal yarns. Consequently, the strain and 
stress at crossover points are expected to be amplified.  
 
Bazhenov [36] recognised that in multiple-ply fabric systems, the unravelling of 
yarns at unclamped edges is related to the energy transferred to yarns in each fabric 
layer. It is believed that yarn slippage generates additional energy dissipation via 
friction associated with slippage at crossover points. Impact experiments [37, 38] 
have been designed to investigate the effects of yarn friction on fabric ballistic 
resistance by using chemical treatment to vary yarn surface roughness. It was found 
that fabrics with a high friction coefficient dissipate larger amounts of energy. Lee et 
al. [39] performed static, low-velocity and ballistic penetration tests on dry fabric and 
on a low resin content fabric-reinforced composite and showed that the composite can 
absorb more energy than the dry fabric specimen because yarn sliding is reduced. 
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2.6 Numerical Modelling of Ballistic Impact on 
Fabric 
Numerical approaches attempt to model physical reality and are often 
implemented via finite difference or finite element schemes. Simulation results give 
useful information such as the propagation of stress and strain waves, and energy 
distributions – quantities which are difficult to obtain from experiments. Compared to 
analytical methods, numerical methods can provide more details and facilitate 
interpretation of experimental results. Numerical analysis allows more detailed 
representation of materials and the possibility of finer modelling of the impact 
process. The deformation of multiple-ply fabric under ballistic impact has been 
treated as a conical shell under quasi-static loading by Taylor and Vinson [6]. 
Determination of the input variables required extensive experimentation. Roylance 
and Wang [8] introduced a more physically realistic model in the form of a mesh with 
nodal masses interconnected by flexible fibre elements. Shim et al. [9] utilised a 
similar model and proposed a three-element viscoelastic constitutive model to define 
the response of polymeric yarns. Improvements to this model have been reported [40, 
41] to accommodate more physically realistic characteristics of fabric, such as yarn 
bending, crimp and imperfect clamping.  
 
Shockey et al. [35] modelled individual yarns explicitly using three dimensional 
brick elements and assembled them to form a woven fabric. Eight brick elements were 
used to define the cross-section of a yarn, and twelve elements defined a crimp wave 
length, resulting in a very fine mesh for the fabric, but also increasing the computation 
time significantly. Duan et al. [42, 43] and Gu [44] respectively established a similar 
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FEA model in LS-DYNA. The model was able to simulate sliding and friction 
between interwoven yarns. Johnson et al. [45] introduced an FE model using a 
combination of bar and shell elements. The bar elements modelled the structural 
response of the warp and weft yarns, while shell elements provided some degree of 
shear stiffness and grid stability. Many physical parameters could thus be included, 
such as crimp modulus and locking strain. Lim et al. [7] modelled fabric using 
membrane elements. Emphasis was put on the use of dynamic constitutive relations to 
represent the viscoelastic behaviour of the material. Tabiei and Ivanov [46] employed 
membrane shell elements with a user-defined material model in LS-DYNA. Their 
material model was derived by a homogenisation technique to describe a fabric micro-
mechanical model via an effective stiffness matrix. The material model took into 
account some of the unique characteristics of a fabric, such as reorientation and 
locking of yarns during impact.  
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Chapter 3 – Tensile Response of Spectra® 
900 Yarn 
3.1 Experimental Investigation 
The yarn studied in this investigation is Spectra® 900, manufactured by 
Honeywell Inc. According to the manufacturer’s product specifications, it has a denier 
of 1200 and a density of 0.97g/cm3 (Table 3.1). 
 
Table 3.1: Spectra® 900 yarn specifications 
 Property Spectra® 900 yarn 
Density, ρ (kg/m3) 970 
Denier (g/9000m) 1200 
Cross-section, A (m2) 1.37×10-7
Young's modulus, E (GPa) 73 
Ultimate tensile stress, σUTS (GPa) 2.57 





3.1.1 Quasi-Static Tensile Testing 
Quasi-static tensile tests (10-3s-1) were performed using an Instron 5548 
universal testing machine designed for testing small compliant specimens. The 
applied load was measured using a 1kN load cell, while strain measurements were 
obtained from the machine crosshead displacement. Yarn specimens were held in 
place by winding them around the circular shaft of a capstan fixture (Fig. 3.1), 
exposing a gauge length of 250mm (Fig. 3.2). This capstan method has been 





































3.1.1.1 Quasi-Static Testing at Higher Temperatures 
In order to determine the quasi-static properties of Spectra® 900 yarn at 
temperatures higher than room temperature (20°C), a heating chamber was used 
(Instron 3110 heating chamber and temperature regulator). To accommodate the 
heating chamber, a Shimadzu AG-25TB testing machine was used for the tensile tests 
(Fig. 3.3). As with previous tests, strain measurements were obtained from the 
machine crosshead displacement. Force measurements were made using a 500kg 
capacity load cell and temperature readings were obtained via a Fluke 51 portable 
thermocouple. Temperatures were allowed to stabilise for 30 minutes before actual 
testing to ensure that the specimen had achieved a uniform temperature. 
 
Fig. 3.3: Equipment for high-temperature quasi-static tensile tests on 










3.1.2 Dynamic Tensile Test Arrangement 
The Hopkinson bar apparatus represents a practical application of uniaxial stress 
wave propagation theory. This experimental technique, developed by Kolsky [11], 
involves sandwiching a short specimen of the material of interest between two long 
elastic bars. A nearly rectangular stress pulse, generated by the impact of a striker, 
then loads the specimen dynamically. Figure 3.4 shows the main components of the 
split Hopkinson tension bar used in this study; namely the input bar, output bar, anvil 
bar, throw-off bar, tubular striker and gas chamber. The anvil bar and input bar, both 
of different diameters, are joined together to form a stepped shaft. The shoulder 
between them is impacted by the tubular striker. 
 




The strain rate in the specimen is governed by the impact speed of the tubular 
striker, which is propelled towards the shoulder with the anvil when compressed air is 
released into the barrel by means of a ball valve. Increasing the gas pressure results in 
a larger impact speed and induces a higher strain rate in the specimen. The impact 
speed of the tubular striker can also be varied by adjusting its initial position within 
the barrel. 
 
When the tubular striker hits the anvil bar, two waves are produced:  
i. A tensile wave which travels into the input bar to load the specimen 
ii. A compressive wave that travels down the anvil bar 
 
The throw-off bar prevents the compressive wave from reflecting back from the 
free end of the anvil bar as a tension and loading the specimen again. When the 
compressive wave reflects from the free end of the throw-off bar (as a tensile pulse) 
and reaches the interface with the anvil bar, the two bars separate. Thus, the tensile 
pulse remains trapped in the throw-off bar and is not transmitted into the anvil and 
input bars. Strain gauges are mounted on the input and output bars to measure the 
incident strain εi, the strain reflected from the interface with the specimen εr and the 
pulse transmitted to the output bar εt. These three transient strain waveforms are 
amplified by dynamic strainmeters (Tokyo Sokki Kenkyujo DC-96A) and recorded by 
a digital oscilloscope (Yokogawa DL1520) (Fig. 3.5).  An important feature of the 
Hopkinson bar is that the specimen itself need not remain elastic; only the input and 
output bars must not be stressed beyond yield. Thus, it is possible to obtain the post-

















Several assumptions are made in the development of the experimental method: 
1. Wave propagation effects within the short specimen may be neglected, the reason 
being that the wave transit time within the specimen is small compared to the 
duration of the loading pulse. Therefore, the stress distribution rapidly reaches 
equilibrium after several internal reflections.   
 
2. The bar is subjected to a uniform strain field such that measurement of the surface 
strain by the strain gauge represents the strain in the interior of the bar. 
 




























From the recorded incident strain εi and transmitted strain εt signals (Fig. 3.6), 
instantaneous values of the specimen stress σs, strain εs and strain rate sε&  can be 
computed [12] (refer to Appendix A for derivation).  
 






s εσ =  (3.1) 






















c ρ=  (3.4) 
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σs Specimen stress E Young’s modulus of Hopkinson bars 
εs Specimen strain ρb Density of Hopkinson bars 
sε&  Specimen strain rate cb Elastic wave velocity in Hopkinson bars
εi Incident strain signal Ab Cross-sectional area of Hopkinson bars 
εt Transmitted strain signal As Cross-sectional area of specimen 
  ls Length of specimen 
 
3.1.3 Dynamic Tests 
Dynamic tests were carried out using a tensile version of the split Hopkinson 
bar. Tests were performed on specimens with a gauge length of 25mm, using the yarn 
clamping system shown in Figure 3.7. Both the input/output bars and the grips were 
made of steel (Fig. 3.8). These methods have been used by Shim et al. [5] and Tan et 
al. [47] for the dynamic tensile testing of Twaron® CT716 fabric fibres.  
 








Fig. 3.8: Spectra® 900 yarn specimen held by steel grips 
Spectra® 900 yarn 
 
On the assumption that the specimen attains a uniform stress state rapidly, one-
dimensional stress wave theory shows that the stress σs, strain εs and strain rate sε&  in 
the specimen can be determined from the elastic strains induced in the input and 
output bars, using the Hopkinson bar equations (Eqs. 3.1–3.3). Dynamic tests were 
first performed at a room temperature of 20°C. 
 
3.1.3.1 Dynamic Tensile Testing at Elevated Temperatures 
  





















In order to perform dynamic tensile split Hopkinson bar (SHB) experiments on 
Spectra® 900 yarn at temperatures above room temperature (20°C), a heating chamber 
must be used. A schematic diagram of the heating equipment is shown in Figure 3.9. 
A custom-made high-temperature chamber (Fig. 3.10) was utilised to encapsulate the 
two specimen grips (Fig. 3.11). The temperature chamber has a built-in heating coil 
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and thermocouple, and the temperature is read off the temperature control unit. A 


























Each specimen was heated for 30 minutes before testing to allow it to be 
uniformly heated and for the temperature within the chamber to reach equilibrium. 
Dynamic tests were performed at temperatures of 40°C and 60°C. 
 
3.2 Experimental Results 
Unlike conventional viscoelastic materials which exhibit strain rate hardening, 
the stress-strain curves derived experimentally at temperatures of 20°C, 40°C and 
60°C (Figs. 3.12–3.14) appear to indicate strain rate softening behaviour, since the 
modulus exhibits a decrease when the strain rate exceeds 100s-1. An initial hypothesis 
to account for this observation is the occurrence of adiabatic heating.  
 
 






































































3.2.1 Idealisation of Apparent Strain Rate Softening 
Behaviour using Three-Element Viscoelastic Model 
 
σ 










Riande et al. [30] and Tschoegl [31] have demonstrated that the tensile stress-
strain response of a polymer can be captured by a three-element viscoelastic model 
(Fig. 3.15). The strain and stress of the model correspond to 
21 εεε +=  (3.5) 
11εσ E=  (3.6) 
222 εμεσ &+= E  (3.7) 
 
Consequently, the stress-strain relationship of the three-element viscoelastic 

















For initial conditions of ε = σ = 0, explicit expressions of stress σ and modulus E 






































21 exp  (3.10) 
 
Equation (3.7) shows that rate sensitivity arises from the dashpot viscosity μ. 
Thus, if the material does indeed strain rate soften, it is reasonable to assume that the 
viscosity μ decreases as the strain rate increases. Based on this perspective, E1 and E2 













These expressions, together with Equation (3.9) and the stress, strain and strain 
rate data from each set of experiments, were input into a MATLAB curve fitting 
subroutine to obtain best-fit values of A, B, C and D. The resulting values, together 
with Equation (3.10), were subsequently processed by MATLAB to obtain the 
variation of modulus with strain rate at a strain of 2% (Fig. 3.16). A strain of 2% was 
selected because this is approximately half the average failure strain of 4% and yields 





Fig. 3.16: Apparent variation of modulus at 2% strain with strain rate for 
Spectra® 900 yarn at 20°C 





















This approach yields stress-strain curves that match the experimental results 
well at the respective strain rates, and the values of the spring constants and dashpot 













This fits the proposition that the decrease in stress could indeed arise from a 
decrease in viscosity µ with strain rate, possibly a result of adiabatic heating. 
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3.3 Investigation of Validity of Results 
3.3.1 Calculation of Adiabatic Heating 
Assuming that heat generation is adiabatic, the temperature increase ∆T in a 
specimen can be calculated from the stress-strain curve via the following: 
ρC
σdεM
T ∫=Δ  (3.13) 
 
where  is the strain energy defined by the area under the stress-strain curve up to 
the point of failure, M the molar mass of a CH
∫σdε
2 mer, ρ the specimen density and C the 
molar heat capacity. Values for the heat capacities of Spectra® 900 at various ambient 
temperatures are obtained from Kwon et al. [48]. Figure 3.17 shows that the rate of 
increase in temperature with strain decreases with a higher strain rate. Furthermore, 
the final temperature attained, corresponding to the upper end of each curve, also 
decreases with strain rate. This runs contrary to the proposition that the decrease in 












































3.3.2 Finite Element Analysis of Effect of Specimen Grips 
Another possible explanation for the observed apparent decrease in strength may 
be the influence of the test apparatus components. To investigate this, a finite element 
code, ABAQUS (Explicit), was employed to simulate Hopkinson bar testing of a non 
rate sensitive material based on the existing experimental setup (Fig. 3.18). The solid 
specimen was assigned mechanical properties corresponding to an aluminium alloy 
exhibiting post-yield linear strain hardening (Table 3.2) and a cross-sectional area and 
gauge length similar to the yarn specimen (Table 3.1). The specimen was connected 
to the grips using tie constraints (Fig. 3.19), as was the grips to the bars. Interactions 
between surfaces were assigned to be frictionless and to have ‘hard’ contact, i.e. no 
interpenetration or overclosure of mesh elements was allowed. The bars, striker and 
specimen were modelled using ABAQUS brick elements C3D8R, while the grips 
were modelled using ABAQUS tetrahedron elements C3D4 as they have a complex 
internal structure. The properties of the steel bars and grips are given in Table 3.2. 
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Table 3.2: Material properties prescribed in Hopkinson FEM simulations 
 Property Steel input/output 
bars and grips 
Aluminium 
specimen 
Density, ρ (kg/m3) 7840 2700 
Young's modulus, E (GPa) 200 79 
Tangent modulus (GPa) – 8 
Yield stress, σy (MPa) – 400 









Direction of  
tensile wave 
Tubular striker




specimen Input grip Output grip  
















their effects. Figure 3.21 shows that even without grips present, the stress-strain 
error also changes. Simulations corresponding to aluminium grips with the same 
in curves that resemble the specimen properties more closely. 
 
Simulations of dynamic Hopkinson bar tests with and without the presence of 
specimen grips (Fig. 3.20) were carried out to examine if they had any influence on 
the stress-strain curves derived from strain gauge readings from the input and output 
bars. The material of the grips and the striker velocity were also varied to investigate 
profile derived does not match the prescribed properties of the specimen exactly, 
although the responses are quite close. When steel grips are incorporated and the 
striker velocity is set to 10m/s, the stresses calculated are underestimates, resulting in 
a more compliant response. Furthermore, when the striker velocity is increased, the 






















10m/s no grips 357/s

























As the Hopkinson bar method relies on the preservation of stress wave profiles 
until the interfaces between the input/output bar and the specimen are encountered, 
any mechanical impedance mismatch between the bars and the grips would affect the 
results. Consider an incident elastic stress wave of magnitude σI travelling 
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(rightwards) to the input bar–specimen interface in Figure 3.22. As the stress wave 
crosses the interface, part of it is reflected as σR, while the rest is transmitted as σT, as 













−=  (3.15) 
 
where A, ρ and c are respectively the cross-sectional area, material density and elastic 
wave speed of the medium the wave is travelling in.  
 
The mechanical impedance I is given by 
cAI ρ=  (3.16) 
 
For the input bar, the stress is transmitted from the bar to the specimen grip; 
according to Equation (3.14), for a steel grip which has the same density ρ and wave 
speed c as the input bar but a larger cross sectional area A2, the stress magnitude in the 
grip σT is lower than that recorded from the input bar σI, but applied over a larger 
cross-sectional area A2. With respect to the output bar, stress is transmitted from the 
specimen grip to the bar in this case. Again, from Equation (3.14), for a grip which 
has the same density ρ and elastic wave properties c as the bar but a larger cross 
sectional area A1, the stress magnitude in the grip σI is lower than that recorded in the 
output bar σT.  
 
The overall effect the steel grips have is to cause an underestimation of the 
specimen stress and an overestimation of the specimen strain (this will be described in 
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detail later). This explains why the stress-strain responses for the aluminium 
specimen, derived from simulations that include steel specimen grips, fall below the 
actual stress-strain curve (Fig. 3.21).  
 
When a stress wave propagates from the input bar into the input grip, or from 
the output grip into the output bar, multiple internal reflections within the grip occur 
because of impedance mismatch between the grip and the bar. These reflections are 
described by Equations (3.14) and (3.15). Assuming that the ratio of the mechanical 
impedance of the yarn to that of the grip is very small (1:1000 or smaller), and if the 
geometry, dimensions and material of the grips and bars are known, it is possible to 
derive an analytical expression to correct the recorded input/output bar strain data, so 
that the variation of stress with time in the grips, adjacent to the specimen ends, can 




























Fig. 3.23: Transmission of longitudinal stress wave through input bar and 
specimen grip 
 
With reference to Figure 3.23, consider a stress wave in the input bar travelling 
to the right, encountering the interface a–b with the specimen grip. The fraction of the 















































Next, consider a wave in the specimen grip that crosses the interface c–d from 


























































and the subscript ‘s’ refers to the (yarn) specimen. 
 
If the yarn sample is very thin, there will be a large difference in its mechanical 
impedance with that of the grip. For a yarn–grip impedance ratio β, the fraction of the 
































When the wave that has reflected from the interface c–d back to the left meets 















































These two reflections within the specimen grip can be represented by a single 
factor: 
2221 )21( RRRRR fffff −≈−−≈= β  (3.22) 
 
Consider now a stress wave in the specimen that is reflected back to its left end 
and is now incident at the interface c–d. The fraction of that wave that is transmitted 



































f  (3.23) 
 
Again, assuming that the yarn is thin (As << Ag): 
01 ≈Tf  (3.24) 
 
Since the recorded strain readings are from the input bar, all calculated values 
must be with reference to this, i.e. a function of σbi(t). Let t = 0 be the time when the 
input pulse just reaches the interface c–d (Fig. 3.23), and ∆t be the time required for a 
pulse to complete one full cycle of internal reflection within the grip, from interface 
c–d, to a–b, and back again to c–d again. Therefore, as the loading wave is reflected 
back and forth between interfaces a–b and c–d, there is a cumulative effect, which 
means that the actual magnitude of the stress incident on the specimen, i.e. incident at 
interface c–d, is larger than the value recorded from the input bar. This increase 




From t = 0 to t = ∆t, the stress σgi(t) that is incident on c–d as a function of σbi(t) 
is 
)()( tft biTgi σσ ≈  (3.25) 
 
From t = ∆t to t = 2∆t, the stress at c–d becomes 
)()()( 21 ttffftft biRRTbiTgi Δ−+≈ σσσ  (3.26) 
 
Correspondingly, from t = 2∆t to t = 3∆t: 
)2()()()()( 22121 ttfffttffftft biRRTbiRRTbiTgi Δ−+Δ−+≈ σσσσ  (3.27) 
 
Thus, there is an addition of stress after every time increment ∆t. From Equation 





















The expression for the magnitude of the stress at the grip–specimen interface c–
d during the time interval t = n∆t to (n + 1)∆t is 



































With reference to Figure 3.24, consider a stress wave that has been transmitted 
from the specimen on the left into the grip and is now incident at the interface a–b. 












































and the subscripts ‘g’ and ‘b’ refer respectively to the grip and the output bar. 
 



















For the wave that has reflected from interface a–b and is incident on interface c–






















ρβ = is the yarn–grip impedance ratio 
 
and the subscripts ‘g’ and ‘s’ refer respectively to the grip and the (yarn) specimen. 
 
Following the earlier assumption that the yarn is very thin and that the yarn–grip 





−−=′Rf  (3.33) 
 
Again, these two internal reflections can be represented by a single factor: 
121 RRRR ffff ′−≈′′=′  (3.34) 
 
Since the experimental strain readings are taken from the output bar, all the 
calculated values must be made with reference to the stress in the output bar σbo(t). 
Let the reference time t = 0 be the instant the load transmitted from the specimen just 
reaches the grip–output bar interface a–b. Following this, a fraction of this wave is 
reflected back into the grip. Again let ∆t be the time required for the pulse 
(transmitted from the specimen) to reflect from interface a–b, travel to c–d, and be 
reflected from there to return to a–b. 
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Each time the wave reaches a–b, part of it is transmitted and added to the 
previous portion that has been transmitted into the output bar. Therefore, as the wave 
is reflected back and forth between interfaces a–b and c–d, there is a cumulative 
effect, meaning that the magnitude of the stress wave that emerges from the specimen, 
i.e. that is transmitted through interface c–d, is smaller than the recorded value, i.e. the 
magnitude that is transmitted through interface a–b. This occurs over each time 
interval ∆t. 
 
From t = 0 to t = ∆t, the stress σbo(t) that is transmitted from the grip through  a–
b into the output bar is related to the stress in the grip σgo(t) by 
)()( tft goTbo σσ ′=  (3.35) 
 
 
Subsequently, from t = ∆t to t = 2∆t, the stress that is transmitted through a–b 
into the output bar is 
)()()( 21 ttffftft goRRTgoTbo Δ−′′′+′= σσσ  (3.36) 
 
Correspondingly, from t = 2∆t to t = 3∆t, the stress is 
)2()()()()( 22121 ttfffttffftft goRRTgoRRTgoTbo Δ−′′′+Δ−′′′+′= σσσσ  (3.37) 
 






Let  (3.38) 21 RRR fff ′′=′
 

















The expression for the stress transmitted across interface a–b into the output bar 
during the time interval t = n∆t to (n + 1)∆t is 













Ttnbo σσ  (3.40) 
 
However, the quantity of relevance is the stress in the grip, after the interface c–




















Δ σσσ  (3.42) 
 
This leads to 















RboTtngo σσσ  (3.43) 
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3.4.3 Incorporation of Corrected Stresses into Hopkinson 
Bar Equations 
The respective strain signals from the input and output bars εbi(t) and εbo(t) are 
usually processed using the Hopkinson bar equations (Eqs. 3.1–3.3). In the case where 
grips are present, they are first used to calculate the stresses σbi(t) and σbo(t) in the bars 
via the following: 
)()( tEt bibbi εσ =  (3.44) 
)()( tEt bobbo εσ =  (3.45) 
  
σbi(t) and σbo(t) are then substituted into Equations (3.29) and (3.43) to obtain 
the respective stresses σgi(t) and σgo(t) in the grips connected to the input and output 
bars: 













Ttngi σσ  (3.29) 















RboTtngo σσσ  (3.43)
  
After the stresses in the grips connected to the input and output bars have been 
calculated, the corresponding strains εgi(t) and εgo(t) in the grips are obtained from 
ggigi Ett /)()( σε =  (3.46) 
ggogo Ett /)()( σε =  (3.47) 
 
where Eg is the elastic modulus of the grips. 
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The Hopkinson bar equations (Eqs. 3.1–3.3) are then re-cast in terms of the 







s σσ =  (3.48) 


















s εεε −=&  (3.50) 
 
3.5 Application of the Correction Method 
3.5.1 Application of Signal Correction to Finite Element 
Simulation of Hopkinson Bar Test 
The correction method described is derived for solid grips with no mechanical 
impedance (i.e. cross-sectional) changes within them. Actual grips are composed of 
several parts which give rise to minor variations in impedance along their length (Fig. 
3.20) and thus may cause some deviation from values calculated using the method 
described. The proposed correction algorithm is applied to strain histories obtained 
from ABAQUS (Explicit) finite element simulations of Hopkinson bar tests with steel 
grips on a rate-insensitive aluminium alloy specimen, as described in Section 3.3.2, 
after which the corrected grip strains εgi(t) and εgo(t) are then processed using the 





Fig. 3.25: Simulation stress-strain results obtained with and without correction of 

















15m/s steel grips: corrected
10m/s steel grip: corrected
5m/s steel grips: corrected
Theoretical
5m/s steel grips: uncorrected
10m/s steel grips: uncorrected
15m/s steel grips: uncorrected
 
Figure 3.25 shows that application of the signal correction algorithm to the 
strain histories in the input and output bars yields stress-strain curves that closely 
match the prescribed properties of the specimen, compared to results with no 
correction incorporated.  
 
3.5.2 Validity of Correction Algorithm with Respect to 
Specimen–Grip Impedance Ratio 
The correction algorithm derived assumed a yarn-to-grip impedance ratio of less 
than 1:1000; hence, the method may not be accurate for thicker yarn specimens. 
Consequently, finite element analysis is also undertaken to investigate the effect of 
decreasing the impedance mismatch. A higher striker velocity produces a stress pulse 
with a steeper wave front, which in turn results in a longer time required to reach 
stress uniformity in the specimen [16]. Therefore, the least favourable result would be 
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expected to come from applying the correction algorithm to a simulation involving a 
high striker velocity and a larger yarn-to-grip impedance ratio. The specimen 
mechanical impedance is varied by altering the cross-section area but keeping the 
other properties constant (Table 3.2). Figure 3.26 shows that the corrected stress-
strain curves derived from these simulations only start to deviate from the input 
material properties for a very high striker velocity of 100m/s, and when the yarn-to-
grip impedance ratio is larger than 1:10. Since Hopkinson bar experiments typically 
do not involve such high striker velocities, and yarn cross-sections (and thus their 
mechanical impedances) are very small, the method is deemed to be valid for SHB 




Fig. 3.26: FEM stress-strain results for various striker velocities and yarn-to-grip 

























3.5.3 Application of Correction Algorithm to Data from 
Tests at 20°C 
The bars and grips used are made of steel and have mechanical impedances       
(I = Aρc) of 4478.4 kg/s and 10,076.5 kg/s respectively, based on cross-sectional areas 
of 1.131×10-4m2 and 2.545×10-4m2 respectively, as well as density ρ and modulus E 
values in Table 3.2. The elastic wave velocity c of 5051m/s is calculated from 
Equation (3.4). The yarn has a cross-sectional area of 1.37×10-7m2 and a density of 
970kg/m3. Thus, for the yarn-to-grip impedance factor to be larger than 1/1000, the 
longitudinal wave speed in the yarn must exceed 75,573.5m/s, which is highly 
improbable, as this is larger than the theoretical limit for perfectly aligned 
polyethylene [3, 23]. The correction method can therefore be applied to the 
experimental data from tests undertaken at room temperature (20°C). 
 
Fig. 3.27: Stress-strain responses of Spectra® 900 yarn at 20°C based on corrected 





















The proposed correction is applied to the experimental input/output bar strain 
histories for tests at 20°C, which as described in Section 3.2, yielded stress-strain 
profiles that appeared to indicate strain rate softening behaviour (Fig. 3.12). The 
corrected strain histories are then processed using the Hopkinson bar equations and 
the resulting variation of the stress-strain response with strain rate is depicted in 
Figure 3.27. After correction of the input/output bar strain data, it is evident that 
Spectra® 900 yarns exhibit a monotonically increasing modulus with strain rate. This 
trend concurs with the expectation that the strain rate sensitivity of viscoelastic 
materials is manifested by an increase in the modulus with strain rate [4, 24, 28, 29]. 
 
3.5.4 Fitting of Three-Element Viscoelastic Model to 
Corrected Stress-Strain Data from Tests at 20°C 
As described in Section 3.2.1, curve fitting is applied to the corrected stress-
strain data. Curve fitting is performed using a MATLAB least-squares-error 
subroutine. As the data no longer displays strain rate softening behaviour, E1, E2 and μ 
are assumed to be constants. The data fitting is performed without including the data 
corresponding to quasi-static deformation at 0.001s-1 and then incorporating both 
quasi-static and dynamic data. This is done to investigate whether the three-element 
viscoelastic model (Fig. 3.15) is adequate in describing the strain rate sensitivity of 
Spectra® 900 yarns over the entire range of strain rates examined. Shim et al. [5] and 
Tan et al. [47] used this three-element viscoelastic model to describe the strain rate 
sensitivity of Twaron® fibres. 
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The three-element viscoelastic model (Fig. 3.15) described by Equation (3.9) fits 














Fig. 3.28: Comparison of fitted to experimental stress-strain curves when only 























Fitting of this model to both quasi-static and dynamic stress-strain data causes 















Furthermore, the fitted stress-strain curves no longer correlate closely with the 
dynamic data (Fig. 3.29). 
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Fig. 3.29: Comparison of fitted to experimental stress-strain curves when      
























Fig. 3.30: Variation of stress at 2% strain with strain rate obtained by fitting 
3-element model to (i) only dynamic data; (ii) quasi-static and 
dynamic data 























3-element: quasi-static and dynamic
 
 61
Figure 3.30 shows how the fitted stress at 2% strain varies with strain rate. The 
discrepancy between the two curves is attributed to the inadequacy of the three-
element viscoelastic model in accommodating the sharp increase in modulus from a 
quasi-static strain rate of 0.001s-1 to the lowest dynamic strain rate of approximately 
100s-1. 
 
3.5.5 Fitting of Wiechert Model to Corrected Stress-Strain 
Data from Tests at 20°C 
To obtain a better fit with experimental data, a viscoelastic model with more 
elements is required. The Wiechert model (Fig. 3.31), which comprises a number of 
Maxwell models arranged in parallel with a spring, is therefore employed to improve 
the fit. The Wiechert model is equivalent to the Kelvin model (Fig. 3.32), which 




















Fig. 3.32: Kelvin model
 
The Wiechert model (Fig. 3.31) is defined by the following expressions: 






























































where the subscript ‘P’ refers to the parallel configuration of the model. 























3-element: quasi-static and dynamic
5-element / 7-element: quasi-static and dynamic
Fig. 3.33: Variation of stress at 2% strain with strain rate at 20°C based on   
3- and 5-element models 
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The five-element and seven-element Wiechert models were used to fit the 
corrected experimental stress-strain data and to examine the variation of stress at 2% 
strain with strain rate. It was found that the seven-element model offered no notable 
improvement over the five-element model (Fig. 3.33), leading to the conclusion that 
the five-element model is sufficient for describing the viscoelastic behaviour of the 
yarn material studied. 
 














































Designing grips that eliminate impedance mismatch and the need to correct the 
strain signals implies that the Hopkinson bar setup in Figure 3.23 must be made 
equivalent to the arrangement in Figure 3.34. This requires the mechanical 
impedances of the bar and grip to be equal: 
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gggbbb cAcA ρρ =  (3.52) 
 
Aluminium alloy 7075-T6 was chosen for the grip material as its yield stress of 
500MPa is comparable to the 400MPa value for the Hopkinson input/output bar steel. 
Its properties are listed in Table 3.3. 
 
Table 3.3: 7075-T6 aluminium alloy specifications 
 Property 7075-T6 
Density, ρ (kg/m3) 2800 
Young's modulus, E (GPa) 72 
Ultimate tensile stress, σUTS (MPa) 572 
Yield stress, σy (MPa) 500 






Fig. 3.35: Schematic diagram of impedance-matched grip 













To match the mechanical impedances of the bar and grip, the cross-sectional 
area of the grip was determined from Equation (3.52).  The final dimensions of the 
impedance-matched grip are shown in Figure 3.35. 
 
Fig. 3.36: Simulation stress-strain results for different striker velocities obtained 























Finite element simulations of SHB tests incorporating the impedance-matched 
grips were carried out to confirm that the specimen material properties can be derived 
from the input/output bar strain signals without the need for data correction. Figure 
3.36 shows the results, which indicate that despite small variations in mechanical 
impedance within the grips because of gaps between the components, the stress-strain 





3.5.7 Tests with Impedance-Matched Grips and Constitutive 
Modelling 
 
Dynamic tensile tests were performed using impedance-matched grips and the 
results are shown in Figure 3.37. As expected of a viscoelastic material and in line 
with the corrected data of previous tests, the results now show that the modulus 
increases with strain rate. Use of the three-element viscoelastic model to fit the 
experimental data was first undertaken without including the results corresponding to 
quasi-static loading at 0.001s-1. Subsequently, both the quasi-static and dynamic data 
were included for comparison. Figure 3.38 shows that the five-element viscoelastic 
model provides the best fit for the stress at 2% strain for different strain rates. As 
highlighted in Section 3.5.5, it was found that the seven-element model offered no 
























Fig. 3.38: Variation of stress at 2% strain with strain rate for              
impedance-matched grips based on 3- and 5-element models  























3-element: quasi-static and dynamic
5-element / 7-element: quasi-static and dynamic
 
 
































Based on these revised values, curves showing the variation of stress at 2% 
strain with strain rate are plotted in Figure 3.39 and compared with those derived from 
applying the correction algorithm to experimental data obtained using the original 
grips (Section 3.5.5). Similarity between the curves is good, with a difference of only 
2% at a strain rate of 500s-1. Noticeable divergence between the curves is observed in 
the range of strain rates between 0s-1 and 100s-1. This is attributed to the lack of 
experimental data for these strain rates; availability of information in this range would 
result in better correlation. 
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Fig. 3.39: Variation of stress at 2% strain with strain rate at 20°C obtained by 
fitting corrected data and data from tests using impedance-matched 
grips 





















20°C matched grips: 5-element
 
3.6 Application of Correction Algorithm to All 
Experimental Data 
The preceding Sections have affirmed the validity of the correction algorithm; 
consequently, the proposed correction is applied to the input/output bar strain signals 
for tests at elevated temperatures of 40°C and 60°C, which previously yielded stress-
strain profiles that appeared to indicate strain rate softening behaviour (Figs. 3.13, 
3.14). The corrected strain histories are processed using the Hopkinson bar equations, 
and the resulting variations of the stress-strain response with strain rate are depicted in 
Figures 3.40 and 3.41. Data correction has been implemented for tests at a room 




Fig. 3.40: Stress-strain responses of Spectra® 900 yarn at 40°C based on  























Fig. 3.41: Stress-strain responses of Spectra® 900 yarn at 60°C based on 
























After correction of the input/output bar strain signals, the results show that 
Spectra® 900 yarns exhibit a monotonically increasing modulus with strain rate 
irrespective of the test temperature. This trend concurs with the general observation 
that the strain rate sensitivity of viscoelastic materials is manifested by an increase in 
the modulus with strain rate [4, 24, 28, 29]. 
 
3.7 Analysis of Corrected Experimental Results 
3.7.1 Fitting of Wiechert Model to Corrected Stress-Strain 
Data 
Fig. 3.42: Variation of stress at 2% strain with strain rate at 40°C based on    
3- and 5-element models 
















3-element: quasi-static and dynamic




Fig. 3.43: Variation of stress at 2% strain with strain rate at 60°C based on    
3- and 5-element models 





















3-element: quasi-static and dynamic
5-element / 7-element: quasi-static and dynamic
 
Stress, strain and strain rate data were fed into a MATLAB least-squares-error 
subroutine in order to fit the Wiechert model, as described by Equation (3.51), to the 
data. In accordance with Sections 3.5.4 and 3.5.5, the five-element Wiechert model 
was found to fit the experimental data best (Figs. 3.42, 3.43). 
 
The constants derived for the five-element Wiechert model for the material 


































For the material behaviour at 60°C, the constants derived for the five-element 
































Apart from the variation of stress with strain rate, the five-element Wiechert 
model constants for the stress-strain response at 20°C, 40°C and 60°C are also used to 
calculate the tangent modulus at 0.1% strain as the strain rate is varied.  It can be seen 
from Figures 3.44 and 3.45 that the stress and initial modulus increase monotonically 
with strain rate regardless of temperature. However, as the temperature is increased, 
there is a clear reduction of the stress (Fig. 3.44) and modulus (Fig. 3.45) for any 
strain rate. The effects of strain rate and temperature on the initial modulus are in 
agreement with reports by Wang and Xia [4, 28] and Huang et al. [29]. Slight 
intersection between the curves for the initial modulus at 40°C and 60°C can be seen 
between strain rates of 10s-1 and 100s-1 (Fig. 3.45). It is postulated that this is due to a 









Fig. 3.44: Variation of stress at 2% strain with strain rate at 20°C, 40°C and 60° 
according to 5-element Wiechert model 





































Fig. 3.45: Variation of initial modulus with strain rate at 20°C, 40°C and 60° 
according to 5-element Wiechert model 




















3.7.2 Failure Data for Spectra® 900 Yarn 





















































The failure stress (σf) and failure strain (εf) of Spectra® 900 yarns are taken to 
correspond to the point of maximum stress in the stress-strain graphs and are plotted 
against strain rate in Figures 3.46 and 3.47. At 20°C, the failure strain of Spectra® 900 
yarn decreases from approximately 5.2% to 2.9% when the strain rate increases from 
0.001s-1 to 433s-1 (Fig. 3.46). This apparent loss of ductility suggests that different 
failure mechanisms dominate different strain rate regimes. For the same increase in 
strain rate, the tensile strength increases from 1.641GPa to 2.519GPa (Fig. 3.47).  
 
Welsh and Harding [50] found that the strength of aramid composites with 40% 
fibre content by weight rose 25% when tested at high strain rates of 103s-1, although 
Chocron-Benloulo et al. achieved a maximum strength enhancement of 50% at 103s-1 
for 80% fibre SK/66 polyethylene composite [15]. Spectra® 900 yarn at 20°C shows a 
maximum elevation in strength by a significant 54% compared to its quasi-static value 
when the strain rate is increased to 433s-1. Wang and Xia [4, 28] also observed an 
increase in strength with strain rate for Kevlar® fibres, while Huang et al. [29] noted a 
similar decrease in the failure strain with strain rate for UHMWPE fibres. 
 
At 40°C, the failure strain decreases from approximately 6.7% to 4.0% while the 
tensile strength rises from 1.574GPa to 2.460GPa when the strain rate increases from 
0.001s-1 to 477s-1. At 60°C, the failure strain decreases from about 7.6% to 3.8% 
while the tensile strength increases from 1.334GPa to 2.463GPa for an elevation in 



























































Logarithmic best fits for the failure stress data in Figure 3.47 yield 





















































Figures 3.45 to 3.47 indicate an obvious increase in failure strain and decrease in 
both failure stress and modulus of Spectra® 900 yarn as the temperature increases 
from 20°C to 60°C. This can be explained by an elevation in the bond energy due to 
thermal excitation so that less energy is required to strain the material. Wang and Xia 
[28] and Huang et al. [29] observed similar increases in failure strain and decreases in 






Linear fits for the coefficients in Equations (3.53) with temperature allow a 
general form for the failure strain to be obtained:  





































Linear fits for the coefficients in Equations (3.54) with temperature allow a 
general form for the failure stress to be obtained:  






































3.7.3 Microscopic Observation of Ruptured Fibre Ends 
 
Fig. 3.48: Spectra 900 filament ends with tapered and 














Scanning electron microscopy (SEM) was used to visually examine details of 
broken fibres, to investigate whether a particular failure mechanism becomes 
prevalent at high strain rates. It was observed that regardless of temperature for quasi-
static tension at a strain rate of 0.001s-1, all broken yarn filament ends demonstrated 
similar ductile failure. Some filaments exhibited classic tapered broken ends (Fig. 
3.48), while other filaments ended in a ‘mushroom’ configuration, probably caused by 
the elastic recovery of plastically strained material (Fig. 3.48). As the strain rate is 
increased, filament bundles begin to exhibit a mix of brittle and ductile failure modes, 
with neither mode being dominant (Fig. 3.49). 
 
 
Fig. 3.49: Spectra® 900 filaments tested at dynamic strain 
rates (100–500s-1) exhibiting mixed ductile (left) 















Termonia and Smith [26] showed that there is an increase in the number of 
primary bonds broken with increasing strain rate. At high rates of loading, the time 
duration within which a bond remains at a particular stress level is shorter. Therefore, 
there is less time for plastic deformation to occur and hence the probability of scission 
of primary bonds increases with strain rate. This would explain the observations of 
decreasing failure strain and increasing failure stress and modulus as the strain rate 
increases (Figs. 3.45–3.47). Evidence of this is the transition from ductile failure to 
mixed ductile failure and brittle fracture of the fibre filaments (Figs. 3.48, 3.49). 
 
With an increase in temperature, a decrease in strength and modulus, and an 
increase in failure strain have been observed [28, 29]. A possible explanation is an 
increase in molecular mobility, which relaxes the oriented structure, thereby reducing 
the ability of chains to align in the direction of applied stress. This gives rise to other 
mechanisms of failure that require less energy, particularly intermolecular slip. With 
thermal expansion of the amorphous region, there is more space between crystallites 
to accommodate molecular chains sliding along one another. Hence, more secondary 
bonds and fewer primary bonds are broken for a given strain rate at higher 
temperatures, resulting in a decrease in failure stress and an increase in failure strain 
(Figs. 3.46, 3.47). However, clear evidence for the increase in the proportion of fibres 







Quasi-static and dynamic tensile tests were conducted on Spectra® 900 yarns, up 
to a strain rate of about 500s-1 and at temperatures of 20°C, 40°C and 60°C. Specially-
designed grips were employed for the dynamic tests, and initial results indicated that 
Spectra® 900 exhibits an apparent strain rate softening behaviour, which seems 
atypical of viscoelastic material. Further investigation showed that the stress-strain 
data were affected by the mechanical impedance of the grips, which differed from that 
of the input/output bars. This highlights that the Hopkinson bar method is sensitive to 
impedance changes in the path of wave propagation, and this must be considered in 
tests where an additional device is used for specimen attachment purposes. 
 
A data correction algorithm based on one-dimensional stress wave theory was 
formulated to process and correct the input/output bar strain histories for Hopkinson 
bar tests involving grips that have mechanical impedances which are much larger than 
that of the sample. Finite element analysis was used to confirm the validity of the 
method, which was then applied to raw experimental data to obtain corrected stress-
strain curves as functions of strain rate. It was shown that a three-element viscoelastic 
model is inadequate in describing the material behaviour and that a five-element 
version provides a good fit with experimental data.  
 
Specimen grips with mechanical impedances that matched the input/output bars 
were designed and used to repeat the dynamic tests. The new stress-strain results 
required a five-element viscoelastic model to provide a good description of the 
material response. Comparison of the corrected data from earlier tests using the 
original grips with experimental results obtained with impedance-matched grips 
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showed good agreement. This confirms that the mechanical impedance of specimen 
grips is a parameter that should be considered in Hopkinson bar tests. 
 
Analysis of the corrected stress-strain data shows that there is a monotonic 
increase in stress and modulus for a common strain, together with an increase in 
failure stress and a decrease in failure strain, as the strain rate is increased. For a 
temperature increase from 20°C to 60°C, there is a clearly observable decrease in the 
modulus of the yarn, accompanied by an increase in failure strain and a drop in failure 
stress, for any given strain rate. SEM images of broken filament ends indicate that 
Spectra® 900 yarn exhibits a transition from predominantly ductile failure for quasi-
static loading to mixed ductile failure and brittle fracture modes with increasing strain 
rate. This transition is consistent for all test temperatures.  
   
  The increase in the modulus and strength of Spectra® 900 yarn with strain rate 
is accompanied by increasingly brittle modes of failure. This can be explained by the 
decreasing duration of deformation that intermolecular bonds are subjected to. 
Therefore, failure by intermolecular chain slippage becomes less easy and failure by 
covalent bond breakage is favoured. The decrease in modulus and strength of 
Spectra® 900 yarn with temperature can be explained by an increase in bond energy 
due to thermal excitation, so that intermolecular slip becomes easier and less energy is 





Chapter 4 – Tensile Response of Spectra 
Shield® LCR 
4.1 Spectra Shield® LCR 
Spectra Shield® laminated composite roll (LCR) manufactured by Honeywell, is 
a laminate supplied in the form of a roll and consists of two plies of unidirectional 
Spectra® 1000 extended-chain polyethylene fibre tapes laid perpendicular to each 
other (0°/90°) and sandwiched between two thermoplastic films. It is used in a wide 
range of concealable and tactical body armour for police, military personnel and VIPs, 
where excellent stopping power and resistance to multiple hits and oblique angle 
shots, as well as trauma reduction benefits are required. The molecular structure of 
polyethylene fibre is shown schematically in Figure 4.1. 
 
The properties of Spectra Shield® LCR extracted from the manufacturer’s 
product specification sheet are presented in Table 4.1.  
 
 












Fig. 4.1: Part of a polyethylene chain 
Table 4.1: Spectra Shield® LCR specifications 
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4.2 Tensile Testing of Spectra Shield® LCR 
4.2.1 Quasi-Static Tests 
 Quasi-static tensile tests (0.002s-1) were performed using an Instron 5548 
universal testing machine (Fig. 4.2) designed for testing small compliant specimens. 
The applied load was measured using a 1kN load cell (Fig. 4.3), while strain 
measurements were obtained from the machine crosshead displacement. The 
maximum force applied in these tests was only about 200N; at such low loads and 
strain rates, any machine compliance would not be significant.  
 
 
Fig. 4.2: Setup for quasi-static 




Fig. 4.3: Close-up of setup showing 





4.2.2 Dynamic Tensile Tests 
Dynamic tensile tests on Spectra Shield® LCR were carried out using a tensile 
version of a split Hopkinson bar. Tests were performed on specimens with a width of 
7mm and a 25mm gauge length (Figs. 4.4, 4.5), using a special specimen clamping 
system (Figs. 4.6–4.8) to prevent slippage of specimens and consequent inconsistency 
in test data. One of the fibre directions in each specimen was aligned with the 
































Fig. 4.6: Schematic diagram of specimen clamp 
Specimen Clamping piece 









 Fig. 4.8: Components of specimen 
clamp 
 




Fig. 4.9: Specimen before testing Fig. 4.10: Specimen after testing 
 
Chocron-Benloulo et al. [15] undertook a series of Hopkinson bar tests with 
specimen clamps but without specimens, and also ran numerical simulations using 
AUTODYN-2D, to show that their clamps did not significantly affect the strain 
readings. A similar test was carried out in the present study. In the test, a tensile pulse 
was initiated in the input bar with the specimen clamp attached but without a 
specimen.  
 
Figure 4.11 shows a comparison of the incident and reflected waveforms from 
the test, corresponding to a striker velocity of 10m/s. The incident and reflected 
waveforms are reasonably similar which agrees with the findings of Chocron-
Benloulo et al. [15]; the reflected wave is inverted for ease of comparison and is only 
slightly smaller than the incident pulse. However, as discussed in the Chapter 3, while 
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the clamp may not significantly affect the reflected strain in the absence of a 
specimen, it will affect the actual incident and transmitted strains when a specimen is 
being tested. 
 
















4.3 Experimental Results 
Unlike conventional viscoelastic materials which exhibit strain rate hardening, 
the stress-strain curves derived experimentally do not appear to exhibit any clear 
increase in modulus as the strain rate is increased from 200s-1 to 580s-1 (Fig. 4.12). As 
discussed in Chapter 3, the results can be affected by the mechanical impedance of the 




























4.4 Application of Correction Algorithm to Spectra 
Shield® Data 
The proposed data correction technique discussed in Sections 3.4.1 and 3.4.2 is 
applied to the experimental input/output bar strain signals which yielded stress-strain 
profiles that did not appear to exhibit any obvious change in modulus as would be 
expected from a typical strain-rate hardening, viscoelastic material (Fig. 4.12). The 
correction method assumed a yarn-to-grip impedance ratio of 1:1000 and it was 
shown in Section 3.5.2 that the corrected results only start to deviate from the actual 
material properties at very high striker velocities (>100m/s) and a yarn-to-grip 
impedance ratio larger than 1:10.  
 
The bars and grips used are made of steel and have mechanical impedances (I = 
Aρc) of 4478.4kg/s and 10,076.5kg/s respectively, based on cross-sectional areas of 
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1.131×10-4m2 and 2.545×10-4m2 respectively, as well as the density ρ and modulus  E 
depicted in Table 3.2 of Chapter 3. The elastic wave velocity c calculated using 
Equation (3.4) is 5051m/s. The Spectra Shield® specimen width is 7mm, and has a 
thickness of 0.18mm and an areal density of 0.15kg/m2 according to Table 4.1, 
resulting in a cross-sectional area of 1.26×10-6m2 and a bulk density of 833kg/m3. 
Thus, for the yarn-to-grip impedance factor to be larger than 1/100, the longitudinal 
wave speed in the yarn must exceed 96,004.7m/s, which is larger than the theoretical 
limit for perfectly aligned polyethylene [3, 23] and thus highly improbable. The 
correction method can therefore be applied to the experimental data and the corrected 
input/output strain signals in the grips are processed using the Hopkinson bar 
equations (Eqs. 3.1–3.3), resulting in the stress-strain responses for different strain 
rates depicted in Figure 4.13.  
 
Fig. 4.13: Stress-strain responses of Spectra Shield® LCR based on corrected 

























After correction of the input/output bar strain data, the results show that Spectra 
Shield® exhibits a monotonically increasing modulus with strain rate (Fig. 4.13). This 
trend concurs with the widely accepted observation that the strain rate sensitivity of 
viscoelastic materials is manifested by an increase in the modulus with strain rate [4, 
24, 28, 29]. 
 
Figure 4.14 shows a comparison between the recorded strain signal obtained 
experimentally from the input bar with the strain history in the input grip at the grip-
yarn interface calculated using the correction algorithm (discussed in Chapter 3), 
corresponding to a strain rate of 360s-1. It can be seen that there is indeed a change in 
the signal as the incident pulse passes from the input bar into the input grip before 
loading the specimen. Figure 4.15 shows a similar comparison between the recorded 
strain signal from the output bar with the corrected strain history in the output grip at 
the yarn-grip interface. Therefore, it can be concluded that there is a significant 
change in the transmitted stress pulse as it passes from the output grip to the output 
bar. This is caused by the numerous internal reflections of the pulse within the output 























Fig. 4.14: Comparison of recorded incident strain signal from input bar with 
corrected incident strain history in input grip at grip-yarn interface   





Fig. 4.15: Comparison of recorded transmitted strain signal from output bar 
with corrected transmitted strain history in output grip at grip-yarn 





















4.5 Analysis of Corrected Experimental Results 
4.5.1 Fitting of Three-Element Viscoelastic Model to 
Corrected Stress-Strain Data 
Curve fitting is applied to the corrected stress-strain data using a MATLAB 
least-squares-error subroutine. The curve fitting is performed without including the 
data corresponding to quasi-static deformation at a strain rate of 0.002s-1 and then 
incorporating both quasi-static and dynamic data. This is done to investigate whether 
a three-element viscoelastic model (Figs. 4.16, 4.17) is adequate in describing the 














The stress σ and modulus E of the three-element Kelvin model (Fig. 4.16) are 






















































The three-element Wiechert model (Fig. 4.17) yields the following expressions 




















EEEE 221 exp  (4.4) 
 
where the subscript ‘P’ refers to the parallel configuration of the model. The three-
element viscoelastic models in Figures 4.16 and 4.17, described by Equations (4.1–



































for the Wiechert model. 
 
Fitting of these models to both quasi-static and dynamic stress-strain data causes 

































for the Wiechert model. 
 
Figure 4.18 shows how the stress at 2% strain varies with strain rate according 
to the three-element viscoelastic model. It can be seen that although the two curves do 
not coincide, they provide good fits with the experimental data in their respective 
strain rate regimes, leading to the conclusion that the three-element viscoelastic model 
(either Fig. 4.16 or 4.17) adequately describes the rate-dependent behaviour of 
Spectra Shield® LCR over the range of strain rates studied. 
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 Fig. 4.18: Variation of stress at 2% strain with strain rate obtained by fitting 
either Kelvin or Wiechert 3-element model to (i) only dynamic 
data; (ii) quasi-static and dynamic data 




















3-element: quasi-static and dynamic
 
 
Fig. 4.19: Variation of initial modulus with strain rate according to 3-element 
viscoelastic model 




























The constants for the three-element Wiechert model fitted to the stress-strain 
data over both quasi-static and dynamic strain rates, i.e. with subscripts of ‘P(3-
element, all)’, are also used to calculate the initial modulus at 0.1% strain as the strain 
rate is varied (Fig. 4.19).  It can be seen from Figures 4.18 and 4.19 that the stress and 
modulus increase monotonically with strain rate, which agrees with the findings of 
Wang and Xia [4, 28] and Huang et al. [29]. 
 
4.5.2 Failure of Spectra Shield® LCR 
The failure stresses (σf) and strains (εf) of Spectra Shield®, corresponding to the 
values at the point of maximum stress in the corrected stress-strain graphs are plotted 
against strain rate. Figure 4.20 shows that at 20°C, the failure strain of Spectra 
Shield® decreases from approximately 4.8% to 3.1% as the strain rate increases from 
0.002s-1 to 465s-1. This apparent ductile to brittle transition suggests that different 
failure mechanisms dominate different strain rate regimes. For the same increase in 
strain rate, the tensile strength increases from approximately 245.8MPa to 749.2MPa 
(Fig. 4.21).  Spectra Shield® shows a maximum elevation in strength by a notable 
205% from its static value when the strain rate is increased to 465s-1. This is 
significant compared to the report by Chocron-Benloulo et al. [15], who achieved a 
maximum strength enhancement of 50% at 103s-1 for 80% fibre SK/66 polyethylene 
composite. Wang and Xia [4, 28] also observed an increase in the strength with strain 
rate for Kevlar® fibres, while Huang et al. [29] noted a similar decrease in the failure 
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4.5.3 Microscopic Analysis of Ruptured Fibre Ends 
Fig. 4.22: Filament end exhibiting extensive plastic deformation (ε&  = 0.002s-1) 
 
Scanning electron microscopy (SEM) was used to examine the details of broken 
fibre ends, to investigate whether a particular failure mechanism becomes prevalent at 
high strain rates. The ruptured fibre ends of specimens in quasi-static tests show an 
obvious difference in appearance from those broken by Hopkinson bar tests at high 
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strain rates. For specimens loaded quasi-statically (ε&  = 0.002s-1), the filament ends 
exhibit extensive plastic deformation characterised by uneven fracture surfaces (Fig. 
4.22), necking as evidenced by tapered fibre ends (Fig. 4.23), or a combination of 
















 For specimens loaded dynamically at strain rates from 200s-1 to 300s-1, most 
broken filament ends exhibited clean cleavage surfaces (Fig. 4.24). Although 
filaments that failed in a ductile manner could still be found, many filament bundles 
demonstrated only brittle fracture (Fig. 4.25). This indicates that the fracture surfaces 
perpendicular to the fibre axis were created by the scission of primary bonds and that 
little plastic deformation had occurred, supporting the proposition that breakage 
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progresses from ductile failure to predominantly brittle fracture when the strain rate is 
increased from quasi-static to dynamic values. 
 
 
Fig. 4.24: Two filaments with relatively flat 






















Fig. 4.25: Cluster of filaments all showing flat 






















With reference to the microstructure of UHMWPE described by Berger et al. 
[22] and Prevorsek et al. [3, 23], the amorphous regions have a lower deformation 
resistance compared to the crystalline regions. At very low strain rates, there is ample 
time for plastic deformation in the amorphous regions before the stress propagates to 
the crystalline regions and causes breakage. However, as the strain rate is increased, 
less time is available for the amorphous regions to deform before the stronger 
crystallites are strained, thereby favouring primary covalent bond breakage instead of 
intermolecular slip and secondary bond failure. This results in a transition from 
ductile failure to brittle fracture, evidenced by a decreasing failure strain and an 
increasing failure stress and modulus as the strain rate is increased (Figs. 4.19–4.21).   
 
Although their ballistic resistance properties are very good, the melting 
temperature of polyethylene is quite low. It has been reported by Morye et al. [51] 
that the melting temperature of unidirectional Spectra® 1000 fibre is about 147°C. At 
strain rates from 300s-1 to 465s-1 many filament bundles exhibit a mix of brittle and 
ductile failure modes (Fig. 4.26), although brittle fracture is always dominant, i.e. the 
proportion of ductile failure (Fig. 4.27) increases when the strain rate regime changes 










Fig. 4.26: Filament bundle exhibiting mix of brittle 


























Thus, it is postulated that as the strain rate increases from 300s-1 to 465s-1, 
frictional and viscoelastic hysteresis heating effects cause the temperature in localised 
areas of the specimen failure surface to increase significantly, such that failure again 
becomes increasingly ductile, although brittle fracture is still predominant. However, 
it is still unclear what mechanism gives rise to this increasing proportion of filaments 
failing in a ductile manner. Prevorsek et al. [27] showed that the temperature rise in 
Spectra® fibres due to the viscoelastic hysteresis (portion of strain energy converted to 
heat) should be less than 1°C. This is based on the assumption that heat is evenly 
distributed in the specimen. However, this may not be the case, as individual 
filaments are not equally stretched during loading and hence strain energy converted 
to heat would likewise not be evenly distributed.  This suggests the hypothesis that 
localised microscopic ‘hot spots’ could form during loading, and at these locations, 




Fig. 4.28: Fibres with 45° failure surfaces 

















Another possibility is that as the strain rate increases, there is less time for 
filaments to align themselves in the direction of the applied stress. Thus, filaments 
that are already aligned undergo brittle fracture, while those that are not fail by 
intermolecular slippage or shearing. This is supported by SEM images showing 
filaments with failure surfaces oriented at 45° to the fibre axis interspersed throughout 
the specimen (Fig. 4.28). The implication is that as the strain rate increases, fewer 
filaments have time to align with the direction of applied stress and hence the 
proportion of filaments that fail by shearing increases, leading to the results observed. 
However, as an increase in strain rate results in an accompanying elevation in the 
modulus and failure stress of the specimen (Figs. 4.19, 4.21) and a drop in the failure 
strain (Fig. 4.20), the effects of localised heating and shearing appear to be 
insufficient to overcome the effect of strain rate hardening in most of the filaments 
which continue to fail in an increasingly brittle manner up to the maximum strain rate 
of 465s-1 investigated. However, it is possible that these effects may cause a reversal 










Quasi-static and dynamic tensile tests were conducted on Spectra Shield® LCR, 
up to a strain rate of 465s-1. Specially-designed grips were employed for dynamic 
tests, and initial results indicate that unlike conventional viscoelastic materials which 
exhibit strain rate hardening, the stress-strain curves derived from experiments do not 
appear to exhibit any clear increase in modulus as the strain rate is increased. 
 
The data correction algorithm developed in Chapter 3 was used to correct the 
input/output bar strain signals for Hopkinson bar tests involving grips that have 
mechanical impedances which are much larger than that of the sample. It is shown 
that a three-element viscoelastic model is able to describe the material stress-strain 
behaviour and provides a good fit with experimental data. Analysis of the corrected 
stress-strain data shows that there is a monotonic increase in the stress value and 
modulus for a given strain, as well as an elevation in failure stress and a decrease in 
failure strain, as the strain rate is increased to 465s-1. SEM images of broken filament 
ends indicate that Spectra Shield® exhibits a transition from predominantly ductile 
failure under quasi-static strain loading to primarily brittle fracture modes at dynamic 
strain rates up to 300s-1. However, at strain rates above 300s-1, the proportion of 
filaments that fail in a ductile manner or by shearing increases, although brittle failure 
continues to dominate.  
   
The increase in the modulus and strength of Spectra Shield® with strain rate is 
accompanied by more brittle modes of failure. This can be explained by the shorter 
time available for amorphous regions in the material to deform before the stronger 
crystallites are strained, thereby necessitating primary covalent bond breakage instead 
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of intermolecular slip. It is also proposed that the increase in the proportion of 
filaments that demonstrate ductile or shear failure above 300s-1 arises from an 
increase in heating generated by viscoelastic hysteresis and inter-filament friction, as 
well as insufficient time for alignment of filaments with the direction of load 
application before failure. However, these effects are insufficient to overcome the 
influence of strain rate hardening in most of the filaments, which continue to fail in a 
brittle manner up to a strain rate of 465s-1. It is noticed that these effects may 
ultimately cause a reversal in the trend of an increasing modulus and strength if the 











Chapter 5 – Transverse Impact on Spectra® 
900 Yarn 
Rate-sensitive viscoelastic mechanical properties of Spectra® 900 yarns 
described in Chapter 3 were obtained using a tensile Hopkinson bar. A transverse 
impact method is now investigated in order to ascertain its suitability in testing the 
instantaneous modulus (stiffness limit) of viscoelastic yarns, as well as to reaffirm the 
viscoelastic constitutive model used to predict the stress-strain response of Spectra® 
900 yarns as the strain rate is varied. 
 
When a clamped yarn is struck transversely by a projectile [19, 20], two 
longitudinal stress waves which propagate in opposite directions from the impact 
point are generated. In the region between these wave fronts, the yarn material moves 
towards the impact point. A portion is also encapsulated by a transverse wave which 
similarly propagates outwards from the impact point, forming a ‘V’ shape with the 
projectile at the vertex (Fig. 5.1). The transverse wave front travels along the yarn at a 
velocity which depends on the magnitude of the stress and strain in the wake of the 
longitudinal wave front. By using high-speed photography to track the yarn geometry, 
the velocity of the transverse wave front can be determined; this facilitates calculation 






















5.1 Transverse Impact on an Elastic yarn 
5.1.1 Yarn with Pre-Tension 
This method involves subjecting a pre-tensioned yarn to transverse impact [3]. 
A pre-tension T0 is applied by attaching a free-hanging mass m0 to the bottom of a 
yarn which is rigidly clamped at the top. A projectile is then launched from a gas gun 
to impact the yarn transversely and the development of the transverse wave is tracked 
using a high-speed camera.  
 
Assuming that the material is linearly elastic, there is a constant longitudinal 
strain between the elastic wave front and the impact point; the projectile velocity V, 
which is taken to be constant, is related to the axial strain εU, the longitudinal particle 
velocity VU at the transverse wave front and the transverse wave velocity U: 
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222 ])1[()1( UUU VUUV −+−+= εε  (5.1) 
 
The longitudinal stress wave velocity C is defined by 
ρ/EC =   (5.2) 
 
where E is the yarn elastic modulus and ρ its density. 
 
The longitudinal particle velocity VU at the transverse wave front is given by 
UU CV ε=   (5.3) 
 




TU ε+=  (5.4) 
 
where TU is the tension in the yarn and M is the mass per unit length of the yarn. 
 
Due to the strain and movement of the yarn, the velocity of the transverse wave 
with respect to the external laboratory coordinates is given by 
UU VUU −+=
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The velocity of the transverse wave front with respect to the external laboratory 












ddU  (5.6) 
 
where d is the distance of the transverse wave front from the initial impact point and t 
is the time after impact. 
 
Equations (5.1–5.5) combine to yield the following: 
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2CE ρ=  (5.12) 
 
where B is an intermediate value. 
 
The tension in the yarn TU is given by 




while the stress σU at the transverse wave front is calculated from 
ATUU /=σ  (5.14) 
 
From Equations (5.6–5.14), if the transverse wave velocity, pre-tension, density 
and mass per unit length of the material are known, then all the unknown quantities 
can be calculated. A detailed derivation is presented in Appendix C. It should be noted 
that the strain εU calculated in Equation (5.10) is the additional strain with respect to 
the initially pre-strained yarn. To calculate the total axial strain εA at the transverse 
wave front, the following must be employed:  
00 )1( εεεε ++= UA  (5.15) 
 
where ε0 is the pre-strain in the yarn.  
 
Conversely, if the actual total axial strain is known, the following can be used to 
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5.1.2 Finite Element Analysis of Transverse Impact on an 
Elastic Yarn 
 
A finite element analysis of the transverse impact method on a linearly elastic 
yarn is performed using ABAQUS. The two-dimensional FEM model is shown in 
Figure 5.2. The 2m long yarn is modelled by 2000 truss elements T2D2 to facilitate 
rotational freedom at the truss links, while the projectile and pre-tension mass are 
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modelled by discrete rigid elements R2D2. Friction between the projectile and yarn is 
assumed to be negligible. The clamped end is modelled using a ‘pinned’ boundary 
condition (u1, u2, u3 = 0, where u is the displacement in the three orthogonal 
directions), and the connection between the rigid pre-tension mass m0 and yarn is a 
‘coupling’ constraint (u1, u2, ur3 = 0, where ur is the angular rotation). A 500g pre-
tension mass is imposed and the projectile velocity is set at 100m/s. The pre-tension is 
applied directly as a force (Fig. 5.2), i.e. gravity is not modelled. The analysis is first 
performed in ABAQUS Standard to allow application of the static pre-tension before 
data is exported to ABAQUS Explicit for simulation of projectile impact. The yarn is 
assigned the properties shown in Table 5.1; aside from the elastic modulus E, the rest 
of the properties follow the manufacturer’s specifications for Spectra® 900 yarn. 
Fig. 5.2: FEM model of transverse impact on a pre-tensioned yarn 

















Mass per unit 
length, M (kg/m) 
Cross-sectional 







970 1.333×10-4 1.37×10-7 120 0.25 
 
From the finite element simulation results, the elastic wave fronts at either side 
of the projectile are seen to propagate away from the impact point, after which they 
reflect from the clamped and pre-tension mass boundaries, back towards the impact 
point as tensile waves with enhanced magnitudes (Fig. 5.3). In accordance with 
previous reports [3, 19, 20], the transverse wave front propagates in a ‘V’ shape (Figs. 




Current location/ direction of 
reflected elastic wave front 
 
 
T0 = 4.905N  V = 100m/s   
t (s) d (m) −U  (m/s) VU (m/s) B C (m/s)  
5.0×10-5 2.01×10-2 402.57 12.23 11045.18 11041.84  
1.0×10-4 4.03×10-2 402.99 12.22 11083.33 11080.00  
1.5×10-4 6.05×10-2 403.13 12.22 11096.31 11092.99  
       
ε0 = 2.97×10-4      
t (s) εU εA U (m/s) TU (N) σU (MPa) E (GPa)
5.0×10-5 1.11×10-3 1.41×10-3 414.35 22.92 166.72 118.26
1.0×10-4 1.10×10-3 1.40×10-3 414.75 22.96 167.04 119.08
1.5×10-4 1.10×10-3 1.40×10-3 414.89 22.98 167.15 119.36
Table 5.2: Calculation of yarn properties from FE simulation of transverse impact on 
a pre-tensioned elastic yarn (m0 = 500g, V = 100m/s) 
To pre-tension 
mass 
Region of lower 
stress
Region of higher 
stress 
Fig. 5.3: Status of yarn after stress wave reflection at clamped end 
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By tracking the position of the transverse wave front and application of 
Equations (5.6–5.16) discussed in Section 5.1.1, yarn modulus values are calculated 
and they agree very well with the elastic modulus of 120GPa used as input data 
(Table 5.2). Extraction of stress and strain values with time for a point 10mm above 
the impact point (Figs. 5.4, 5.5) shows that Equations (5.6–5.16) also correctly yield 
the yarn stress σU and strain εA at the elastic wave front (Table 5.2). (For a linearly 
elastic yarn, the stress and strain between the transverse and longitudinal wave fronts 
are constant [19].) It was noted that the stress and strain at the longitudinal wave front 
are unaffected by distance from the impact point. The second increase in stress and 
strain is caused by reflection of the elastic wave from the clamped end.  
 
Fig. 5.4: Variation of longitudinal strain ε with time t for an elastic yarn with 
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εA (Table 5.2) 
Strain rates derived from 






Fig. 5.5: Variation of longitudinal stress σ with time t for an elastic yarn with 
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σU (Table 5.2) 
 
 
5.1.2.1 Effect of Pre-Tension and Impact Velocity on Strain Rate 
To investigate the effect of pre-tension and impact velocity on strain rate, 
simulations with different values of T0 and V were performed. These yield the results 
shown in Figures 5.4 and 5.5, which indicate that increasing the pre-tension mass 
from 100g to 500g while keeping the impact velocity constant at 100m/s has no effect 
on the magnitudes of the strain rates induced, which are obtained from the gradients 
of the initial linear slopes of the strain-time plots in Figure 5.4. However, increasing 
the velocity from 100m/s to 150m/s increases the strain rate from approximately 
2700s-1 to 5600s-1.  While strain rate has no effect on the modulus in this case, for a 
rate-sensitive, viscoelastic yarn, the strain rate, and therefore projectile velocity, must 
be high enough to obtain the instantaneous modulus. 
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5.1.2.2 Effect of Friction between Projectile and Yarn 
Smith et al. [20] suggested that upon returning to the impact point from the yarn 
ends, the elastic wave reflects once more to travel outwards again. However, it is 
found that the coefficient of friction (COF) between the projectile and yarn influences 
the propagation of the wave from the impact point. To investigate the effect of 
friction, simulations are repeated with the impact point midway between the yarn 
centre and the clamped end. This asymmetric configuration allows propagation of the 
elastic wave in the shorter half of the yarn to be observed before the wave in the 
longer segment returns to the impact point (Fig. 5.6). These simulations were 







Fig. 5.6: Asymmetric configuration to investigate effect of COF on elastic 
wave propagation at impact point (t = 7×10-5s) 
Position and direction of 
elastic wave front after 
reflection at clamped end 
Position and direction of elastic wave 





It is found that if the COF between the projectile and yarn is zero, the entire 
wave propagates past the impact point. However, if the COF is infinite, the wave front 
is totally reflected without a change in sign (i.e. still tensile). In reality, as the COF 
between a metallic or polymeric projectile and the polymeric yarn is typically very 
low, wave propagation at the impact point is likely to be similar to the former case, 
with little reflection at the projectile tip. If the yarn is impacted at its centre, the 
returning wave fronts on opposite sides would reach the impact point and travel past it 
simultaneously, making it seem as if the wave fronts had reflected from the point of 
impact. 
 
Therefore, while it may seem practical to impact a yarn asymmetrically and 
track the transverse wave front in the longer segment, the returning elastic wave from 
the shorter half will affect the transverse wave velocity and prevent accurate 
calculation of the elastic modulus and elastic wave velocity. Therefore, when 
performing such tests, the yarn should always be impacted at its centre. 
 
5.2 Transverse Impact on a Viscoelastic Yarn 
5.2.1 Finite Element Analysis of Transverse Impact on 
Spectra® 900 Yarn 
Finite element analysis of transverse projectile impact on a Spectra® 900 yarn to 
investigate its suitability for determining the instantaneous moduli of viscoelastic 
yarns is again performed using ABAQUS. The model is similar to that presented in 
Section 5.1.2, but the entire simulation is performed using ABAQUS Explicit, and 
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sufficient time is allowed for the pre-tension in the yarn to stabilise before the 
projectile makes contact. This approach is adopted because transfer of data between 
Standard and Explicit subroutines for viscoelastic materials is not supported by 
ABAQUS. The pre-tension mass is maintained at 500g while impact velocities at 
100m/s and 150m/s are investigated. Viscoelastic yarn properties are obtained by 
using a tensile split Hopkinson pressure bar (SHPB) to perform dynamic tests and 
employing the five-element Wiechert model (Fig. 5.7) to fit the stress-strain data 
















































The long-term modulus E∞ is equal to E1P, and the instantaneous modulus E0 is 
given by 
PPP EEEE 3210 ++=  (5.17) 
 
resulting in a value of 235.16GPa. The material constants required by ABAQUS are 
shown in Table 5.3. 
Table 5.3: Yarn properties used in FE simulation of transverse impact on Spectra® 















970 1.333×10-4 1.37×10-7 235.162 0.25 
     
Shear, bulk modulus 
fraction,  g2, k2
Relaxation 
time, τ2  (s) 
Shear, bulk modulus 
fraction, g3, k3
Relaxation 
time, τ3  (s) 
7.231×10-1 1.129×10-5 1.379×10-1 7.047×10-3
 
The shear and bulk modulus fractions gi and ki and the relaxation times τi are 





















 Fig. 5.8: FEM results for variation of strain with time at locations 10mm, 
100mm and 500mm above the impact point (transverse impact on 
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Strain decreases as 





Fig. 5.9: FEM results for variation of stress with time at locations 10mm, 
100mm and 500mm above the impact point (transverse impact 
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Stress decreases as 





 Stress and strain histories in the yarn at locations of 10mm, 100mm and 500mm 
above the impact point are plotted for an impact velocity of 100m/s (Figs. 5.8, 5.9). 
Unlike an elastic yarn, which exhibits a stress and strain plateau that depends on the 
impact velocity (Figs. 5.4, 5.5), the stress and strain magnitudes for a viscoelastic yarn 
at any given location never remain constant. Shahkarami et al. [52] performed 
numerical simulation of ballistic impact on a viscoelastic fabric and obtained similar 
strain histories for the central yarn element. This variation of the stress and strain is 
attributed to a drop in strain rate once the longitudinal wave front has passed, 
resulting in a continuous decrease in the modulus of the viscoelastic material at that 
location. Figure 5.10 shows how the stress-strain response at 10mm, 100mm and 
500mm from the impact point varies during the loading of the yarn. The initial linear 
gradient of all the stress-strain plots corresponding to the three different locations 
match the prescribed instantaneous modulus E  of 235GPa (Table 5.3), proving that 
an impact velocity of 100m/s is sufficient to cause the yarn to attain its instantaneous 
modulus. 
100mm and 500mm above the impact point (transverse impact on 
Fig. 5.10: FEM results for variation of stress with strain at locations 10mm, 



















Longitudinal wave front stress and strain 






Table 5.4 an  m  FEM of transverse impact 
on Spectra® 900 yarn (m0 = 500g, V = 100m/s) 
er
at the stress and strain at any given point on the yarn in the wake 
of the longitudinal wave front changes continuously (Figs. 5.8–5.10). Therefore, there 
is a
positio g udinal w ront an  impact . The influen
the va 5.1 h assum rn  
longitudinal wave front and the imp 9], i tig his is done via 
simulations of transverse impact on a Spectra® 900 yarn and observing the 
progression of the transverse wave front, to calculate the transverse wave velocity 
and consequ uations (5.6–5.16). For 





impact, t (10-5s) 1.50 2.25 3.00 3.75 4.50 
Unlike a rate insensitive material, each stress-strain plot differs, depending on its 
location in the yarn (Fig. 5.10). Furthermore, the stress and strain at the longitudinal 
wave front – denoted by the highest point on the initial linear slope for each curve in 
Figure 5.10 – decrease as the distance from the impact point increases, unlike elastic 
yarns (Section 5.1.2). This is attributed to a loss of energy of the wave as it propagates 
outwards from the impact point, caused by strain rate relaxation in the yarn aft  
propagation of the longitudinal wave front. 
 
It is obvious th
lso a variation in stress and strain along the length of the yarn between the current 
n of the lon it ave f d the  point ce of this on 
lidity of Equation ( ), whic es a constant strain in the ya  between the
act point [1 s inves ated. T
−
U  
ently the instantaneous modulus E0 from Eq
si  of impact at 100 , the ng val  are p
s nd 5.5. 




U  (m/s) 
389.66 455.04 388.45 388.27 388.13
Modulus, E (GPa) 94.81 266.95 ≈ E0 92.83 92.53 92.31 
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Table 5.5: Calculation of instantaneous modulus from FEM of transverse impact 







The theoretical transverse wave velocity 
−
U  is also derived from 
Equations (5.6–5.16) discussed in Section 5.1.1. These equations, together with the 
impact velocity V, linear density M, pre-tension T
ltheoretica
0 and density ρ (Table 5.3), are input 
into a MATLAB least-squares-error subroutine to obtain the transverse wave velocity 
that is required to generate the instantaneous modulus of 235GPa. For a pre-tension of 
500g and impact velocities of 100m/s and 150m/s, the theoretical transverse wave 
velocities are 446m/s and 565m/s respectively. 
 
Tables 5.4 and 5.5 depict transverse wave velocities 
−
U  that vary with time. This 
has implications on the validity of the transverse impact method for viscoelastic 
yarns, as the method assumes a constant 
−
U [19]. However, use of Equations (5.6–
5.16) shows that the maximum transverse wave velocities do indeed yield modulus 
values E (underlined in Tables 5.4, 5.5) that agree with the instantaneous modulus E0 
f 235GPa, with an average m e two impact velocities of 
100m





U  (m/s) 
515.40 58 446.58 512.72 
Modulus, E (GPa) 133.45 276.85 ≈ E 54.88 129.23 0
o odulus error of 15.7% for th
/s and 150m/s. While this may seem significant, it should be noted that a small 
error in ascertaining the transverse wave velocity induces a large error in the 
calculated modulus. The average error between the theoretical transverse wave front 
velocities 
−
U  required for calculation of the instantaneous modulus of 235GPa 
(446m/s and 565m/s for impact velocities of 100m/s and 150m/s respectively) and the 
ltheoretica
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maximum transverse wave front velocities 
−
U  obtained by observing the progression 
of the transverse wave front (underlined in Tables 5.4, 5.5) is 2.34%.  
 
Based on the ability of Equations (5.6–5.16) to calculate the correct value of 
instantaneous modulus for the highest transverse wave velocity recorded, it is 
hypothesized that within a very short duration after impact, or a small distance from 
the impact point, strain rate relaxation is minimal and the stress and strain between the 
longitudinal wave front and the impact point are approximately constant, as in the 
case of a linearly elastic yarn [3, 19]. Hence, Equation (5.1) should still be applicable. 
Therefore, if the initial transverse wave front is observed at sufficiently small time 
intervals, the largest transverse wave velocity obtained should correlate with the 
highest longitudinal stress and strain reached and facilitate calculation of the 
instantaneous modulus and longitudinal wave velocity. This is confirmed when 
Equations (5.14), (5.16), (5.2) and (5.3)  to calculate the yarn tension TU, 
ansverse wave front strain εU, longitudinal wave velocity C and transverse wave 
front particle velocity V  respectively, are substituted into Equations (5.4) and (5.5) to 
evaluate the transverse wave velocity  from the strain εA and stress σU at the 
city of 
100m/  the initial 








longitudinal wave front, 10mm above the impact point for an impact velo
s (Fig. 5.10). An instantaneous modulus E0 of 235GPa obtained from
adient (Fig. 5.10) is used to calculate C from Equation (5.2). A
wave velocity of 459m/s is obtained, which is close to the maximum transverse wave
velocity observed of 455m/s (Table 5.4). 
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Transverse impact tests on 2m long Spectra  900 yarn specimens were 
performed using the setup shown in Figure 5.11. The yarn had to be long to prevent 
the longitudinal wave front from reflecting off the ends and returning to interfere with 
the velocity of the transverse wave front. To ensure that all yarn filaments at the 
impact point were impacted simultaneously and with the same velocity, the projectile 
was designed to have a wedged tip, which results in essentially a projectile with a two 
dimensional profile (Fig. 5.12). The projectile was milled from Delrin® acetal 
homopolymer with a density of 1.41g/cm3. To prevent rotation of the projectile, a 
square cross-section and square launch tube were used (Fig. 5.13). The yarn was hung 
from the ceiling and impact occurs within a target chamber that does not impede yarn 



















Fig. 5.11: Schematic diagram of transverse impact test arrangement 
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Fig. 5.14: Photographs of transversely impacted Spectra® 900 yarn 
12
3 4






The projectile velocity was maintained at approximately 110m/s and is 
alculated  tile   its path. 
hese lasers also served to trigger the high-speed camera. The pre-tension mass was 
used to produce silhouette images of the 
arn and projectile (Fig. 5.14). 
 
 (5.6–5.16) with the same values of ρ, M 
nd A as that used in the finite element analysis (Table 5.3), the maximum transverse 
front 
-5 1.27 3.27 5.27 7.27 
c from the time taken by the projec  to cut two laser beams in
T
kept at 500g and a high-intensity flash was 
y
 Table 5.6: Calculation of instantaneous modulus from transverse impact test 






As discussed in Section 5.1.1, the velocity of the transverse wave front was 
tracked using high-speed photography. Due to the high resolution and rapid framing 
rate (≥100,000fps) required for accurate calculation of the transverse wave speed, an 
Ultranac FS501 high-speed camera was used (Fig. 5.15). Results derived from visual 
data confirmed that the transverse wave velocity 
−
U  decreases (Table 5.6), in line with 
FEM simulations. By employing Equations
Time after 




U  (m/s) 
469.56 378.54 398.46 438.31 
Modulus, E (GPa) 232.61 ≈ E 56.00 79.11 148.62 0
a
velocity was obtained and used to calculate the instantaneous modulus E0 
(underlined in Table 5.6). Three experiments yielded an average value for E0 of 
232GPa; these agree well with the viscoelastic model value of 235GPa (Section 
5.2.1), reaffirming use of this model (described in Chapter 3) to predict the 
mechanical response of Spectra® 900 yarn. 
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Table 5.7: Calculation of instantaneous modulus from transverse impact 
experiment on Spectra® 1000 yarn (m0 = 500g, V = 109.6m/s) 
 
The tests were repeated on Spectra® 1000 yarn and the results from one 
xperiment are shown in Table 5.7. The average value of E0 obtained from three 
xperiments is 321GPa which agrees well with that obtained by Pr  




dinal stress wave and 
transverse wave propagation, and verify the use of the equations developed by 
Prevo
-5 1.50 3.00 4.50 
e
e evorsek et al. [3],
c  FEM find g that t alytical lid for a





Transverse impact tests on single yarns were undertaken to obtain their 
instantaneous modulus. Finite element analysis of transverse impact on a linearly 
elastic yarn using ABAQUS Explicit is able to simulate longitu
Time after 
impact, t (10 s) 
rsek et al. [3] and Smith et al. [19, 20] to calculate the yarn modulus and the 
stress and strain at the longitudinal wave front.  An increase in strain rate requires an 
increase in projectile velocity while the degree of yarn pre-tension has no effect on the 
strain rate. The coefficient of friction between the projectile and yarn affects the 
propagation and reflection of stress waves at the impact point.  
 
Finite element simulations of transverse impact on a viscoelastic yarn show that 




U  (m/s) 
540.26 430.00 441.03 
Modulus, E (GPa) 322.47 ≈ E 45.58 58.09 0
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and the transverse wave velocity decay with time. This is attributed to the immediate 
decrease in strain rate in the wake of the longitudinal wave front. It is found that the 
analytical solution developed is only applicable for a very short duration after impact, 
when the transverse wave front velocity has not yet started to decay. Transverse 
impact experiments were also performed on Spectra® 900 and Spectra® 1000 yarn. 
The transverse wave velocities were indeed found to decrease with time, in 
accordance with simulation results. The analytical solution, when applied to the 
maximum transverse wave velocity observed in Spectra® 900 yarn, yields an 
instantaneous modulus that agrees well with the viscoelastic constitutive model 
discussed in Chapter 3. This reaffirms the use of this model to predict the rate-
sensitive stress-strain response of Spectra® 900 yarn. The tests on Spectra® 1000 yarn 
yielded similar results for the instantaneous modulus to that of Prevorsek et al. [3], 
confirming the FEM finding that the Equations (5.6–5.16) for transverse impact on an 





Chapter 6 – Projectile Impact Tests and Simulations 
on Spectra® 903 Fabric 
The aim of this phase of the study is to investigate the energy absorption 
characteristics of Spectra® 903 woven fabric and to establish a computational model 
that incorporates the viscoelastic material properties of Spectra® 900 yarn determined 
in Chapters 3 and 5, together with realistic surface interactions and structural features, 
in order to obtain good predictions of the response of Spectra® 903 fabric to impact. 
 
6.1 Experimental Investigation 
The fabric of interest is Spectra® 903, a simple plain weave fabric manufactured 
by Honeywell Inc. According to the manufacturer’s specifications (Table 6.1), it is 
woven from Spectra® 900 yarn and therefore has a denier of 1200 and a density of 
0.97g/cm3. 
Table 6.1: Spectra® 903 fabric specifications 
Property Spectra® 903 fabric 
Weave Plain 
Density, ρ (g/cm3) 0.97  





w×f (yarns/100mm) 83×83 
Thickness (mm) 0.508 




Breaking strength  



















A schematic diagram showing the ballistic impact test setup used is given in 
Figure 6.1. A projectile propelled by pressurised nitrogen released from the chamber 
of a gas gun travels through the cylindrical barrel (Fig. 6.2) and strikes the clamped 
fabric specimen. Two laser-diode pairs are used to measure the impact and post-
perforation velocities of the projectile, from which the kinetic energy lost by the 
projectile to the fabric during impact can be calculated. High-speed photography is 
employed to record visual images of the impact process.  
 


























Spectra® 903 fabric samples with an exposed square target area of 120×120mm 
are clamped using the fixture shown in Figure 6.3. The top and bottom horizontal 
edges of fabric samples are clamped, while their vertical edges are left free, and they 
are subjected to impact by a 14.28mm diameter steel sphere weighing 11.89g. 
Striking velocities range from the ballistic limit V50 of 40m/s up to 300m/s, and the 
impact velocity is controlled by adjusting the gas pressure. The energy absorbed by 




0absorb rVVmE −=  (6.1) 
 
where V0  is the projectile impact velocity, Vr is the residual velocity and m is the 
projectile mass.  
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6.1.1.1 Minimisation of Slippage  
Fig. 6.4: Occurrence of slippage at 
clamped edges for low 
impact velocities 
Fig. 6.5: Use of external clamps to 
reduce slippage 
 
One of the underlying assumptions in these impact tests is that the specimen is 
perfectly clamped at the upper and lower edges. However, slippage at these edges is 
common, especially for low impact velocities, and is usually observed at the clamped 
ends of the principal yarns (those in direct contact with the projectile). Figure 6.4 
shows slippage at the clamped edges of an impacted fabric specimen. In order to 
ensure that energy absorption is not due to slippage at the clamped edges, rubber 
padding is mounted on the clamping surfaces to increase friction. Additional            
G-clamps (Fig. 6.5) are applied to the clamping rods to increase the clamping pressure 
and this reduces slippage significantly. However, it is not possible to eliminate 
slippage completely. To ensure consistency in the data collected, tests in which 
slippage exceeds 5mm at any of the clamped edges are not considered. 
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6.1.1.2 Ballistic Limit 
The ballistic limit V50 is an indication of the ability of a fabric system to fully 
arrest a projectile and is defined as the velocity at which penetration just occurs [53]. 
It is a widely recognised criterion for assessing the efficiency of armour. Two sets of 
five shots corresponding to non-perforation and complete perforation are noted, with 
the velocity difference between the highest velocity without perforation and the 
lowest velocity for penetration being within 5m/s. The ballistic limit is thus 
determined as the average of these two velocities. In the present investigation, the 
ballistic limit is found to be approximately 40m/s. 
 
6.1.1.3 Energy Absorption 
 The energy absorbed by the fabric goes into strain energy via the 
stretching of yarns and kinetic energy associated with transverse motion of the fabric 
and movement of material towards the impact point. Figure 6.6 shows that beyond the 
ballistic limit, the energy absorbed by Spectra® 903 fabric exhibits two distinct 
regimes – a low-velocity regime and a high-velocity regime. Transition from the low-
velocity to the high-velocity regime is marked by a sharp drop in the energy absorbed 
beyond the critical impact velocity of 200m/s. This transition occurs when the impact 
velocity is high enough for the projectile to perforate the fabric even before material 
distant from the impact point begins to deflect (perforation occurs before the 
transverse wave reaches the clamped edges), thereby limiting the energy transferred to 
the target. This trend in energy absorption has been reported by several investigations 

























V = 200m/s 
Fig. 6.6: Variation of energy absorbed with impact energy for Spectra® 903 fabric 
 
6.1.2 High-Speed Imaging of Perforation Process 
The perforation process in terms of the side profile of the fabric target was 
captured by high-speed photography using a Photron Fastcam high-speed camera 
capable of taking images at a rate of up to 120,000 frames per second (fps). Framing 
rates of 20,000fps to 100,000fps were used in the current investigation. Analysis of 
the images reveals different failure modes as the impact velocity is increased. 
 
At the ballistic limit of 40m/s, the projectile just manages to perforate the fabric 
without causing any failure of yarns (Fig. 6.7). At the point of maximum deflection of 
the fabric, only half of the projectile is visible. For impact velocities V0 of 50m/s and 
100m/s, failure of the yarns occurs at one or both ends of the vertically clamped 
central principal yarn while the middle of this yarn remains undamaged (Figs. 6.8, 
6.9). The transverse wave, corresponding to the edge of the transverse deflection in 
the fabric is observed to reach the clamped ends before perforation occurs. 
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 Fig. 6.7: Fabric at maximum deflection 




yarn broken at 
end but without 
complete pull out
Fig. 6.8: Fabric after perforation 








yarn broken at 
end with pull-out 
Fig. 6.9: Fabric after perforation 
(V0 = 100m/s, 30,000fps)  
Principal vertical 
yarns broken at 
middle and/or ends
Fig. 6.10: Fabric after penetration      




For projectile impact at 200m/s (Fig. 6.10), failure occurs at either the centre or 
ends of one or two clamped principal yarns, or at both locations. The transverse wave 
is observed to just reach the clamped ends as the projectile penetrates the fabric. For 
an impact velocity of 300m/s, failure occurs much sooner at the centre of two or three 
of the clamped principal yarns, where they are in contact with the projectile, before 
the transverse wave reaches the clamped ends (Fig. 6.11). At impact velocities above 
50m/s there is complete pull-out of the central horizontal unclamped yarn by the 
projectile as it perforates and exits the fabric. At 50m/s, this pull-out is only partial 
and the unclamped central yarn remains within the fabric structure. Lateral motion of 
vertical yarns at the impact point as they are pushed aside by the projectile and the 




Fig. 6.11: Fabric after penetration 
(V0 = 300m/s, 100,000fps)  
Principal vertical 












6.2 Development of a Finite Element Fabric Model 
Several approaches to modelling woven fabric have been reported, with the 
simplest assuming that the fabric behaves like a membrane [7, 54]. Neglecting the 
strain rate sensitive properties of polymeric yarns may lead to underestimation of the 
ballistic limit of the fabric, while the assumption of isotropy will result in predictions 
that the fabric deforms into a cone when impacted by a projectile. This is different 
from the pyramidal deformation observed in ballistic tests. Another method is to a use 
finite element approach by discretising individual yarns into solid elements [35, 42, 
43, 44]. Other than yarn crimp, many other features can be incorporated into such a 
model. However, these models are computationally expensive because of the large 
number of degrees of freedom involved. Another common way to model woven fabric 
is to idealise it as a network of pin-jointed one-dimensional elements [9, 40, 47, 55]. 
Such models are computationally less demanding but are still able to mimic ballistic 
impact features observed in actual tests and to predict the energy absorbed by fabric. 
 
6.2.1 Model Geometry 
A finite element model for woven fabric was developed using the ABAQUS 
Explicit finite element software. The fabric model corresponds to a size of 
120×120mm, and two-node linear truss elements T3D2 are used to construct fabric 
yarns. The 14.28mm diameter spherical projectile is idealised by discrete rigid 
elements R3D4 and assigned a mass of 11.89g. To model the yarn weave in the fabric, 
a simple zigzag pattern is used (Fig. 6.12). This method of replicating the undulations 
or crimp in the fabric has been utilised by Tan et al. [47, 56] and Zeng et al. [57]. The 












Fig. 6.12: Idealised yarn weave pattern 
 
In an actual fabric, the yarns are laterally compressed slightly into an ovoid 
cross-section (Fig. 6.13). Consequently, the distance between the centres of the yarns 
at crossover points is taken to be half the fabric thickness as defined in Table 6.1, i.e. 
0.254mm. The horizontal distance between adjacent crests and troughs is the 
measured distance between parallel yarns (1.21mm). The yarns are modelled by truss 
elements that do not transmit any bending, and each straight line in the repeating      
V-pattern is modelled by two truss elements. Figure 6.14 depicts a close-up view of 
the model. The total mass of the fabric model differs from that of an actual specimen 
by less than 1%.  
 
 











Fig. 6.14: Close-up of fabric model 
 
6.2.2 Fabric Model Material Properties (without Failure) 
For simplicity, linear elastic properties have generally been assumed for fabrics 
[40, 41, 45, 58]. Lim et al. [7] and Shim et al. [9] incorporated viscoelastic behaviour 
into a finite element and a finite difference model respectively; these results were 
appreciably different from those based on linear elasticity. Roylance and Wang [8] 
suggested the Wiechert model to capture linear viscoelastic behaviour, and this is 
implemented here. 
 
The five-element Wiechert model with the viscoelastic constants obtained in 



























































































where σ is the stress, E the modulus and ε  the strain. 
 
As described in Chapter 5 (Section 5.2.1), the long-term modulus E∞ is equal to 
E1P and the instantaneous modulus E0 is given by 
PPP EEEE 3210 ++=  (6.3) 
 
resulting in a value of 235.16GPa. The material constants required by ABAQUS are 
given in Table 6.2.   
Table 6.2: Yarn properties used in FE simulation of ballistic impact on Spectra® 903 
fabric (without failure) 
 
Density, ρ (kg/m3) Cross-sectional 




Poisson’s ratio, v 
970 1.37×10-7 235.162 0.25 
    
Shear, bulk 
modulus fraction,  
g2b, k2b
Relaxation time, 





τ3b  (s) 




In line with Section 5.2.1, the shear and bulk modulus fractions gi and ki and the 

















Note that the parameter units prescribed to ABAQUS are relative and user 
defined. Therefore, the material constants are input using the following basic unit 
dimensions (Table 6.3): 
 
Table 6.3: ABAQUS user-defined unit dimensions 
 
Displacement Force Stress Mass Time 
mm N MPa tonne s 
6.2.3 Fabric Model Interactions and Boundary Conditions 
It has been reported from experiments [37, 38] and computational simulation 
[42, 43, 57] that increasing inter-yarn friction improves the ballistic resistance of 
woven fabrics. With higher friction, it becomes more difficult for a projectile to push 
yarns apart and hence more yarns must be broken in order for the fabric to be 
perforated. The fabric-to-fabric dynamic coefficient of friction (COF) was obtained 
experimentally according to ASTM D1894. This involved pulling a 2kg block of steel 
wrapped in a ply of Spectra® 900 fabric over another flat ply at 0.1m/s and measuring 
the drag force. The interacting fabric plies were oriented with their yarns at an angle 
of 45° to prevent snagging and the COF was found to be approximately 0.1. The 
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fabric-to-steel COF determined using the same approach was approximately 0.15. 
Cohen et al. [59] obtained a static Spectra® 900 yarn-to-yarn COF of 0.13 using a 
modified Howell approach. However, Dammak et al. [60] obtained a static HDPE-to-
steel COF of 0.07 by pulling out a steel bar from a HDPE cylinder. For simplicity, it 
was decided that a COF of 0.1 between all surfaces be used. 
 
The ‘general contact’ algorithm in ABAQUS was used to model the interactions 
between yarns in the fabric model and all surfaces were assigned a coefficient of 
friction of 0.1 and ‘hard’ contact, i.e. no interpenetration or overclosure of mesh 
elements was allowed. Contact surfaces around truss elements are automatically 
generated by ABAQUS and correspond to a circular cross-section, regardless of the 
actual cross-sectional geometry of the truss element. Since the yarns are ovoid in 
cross-section, the fabric thickness is less than the sum of two original undeformed 
yarn diameters. Initial interpenetration of these yarn surfaces will prompt ABAQUS 
to automatically make initial strain-free node adjustments to separate the elements, 
resulting in changes to element lengths and positions. To prevent this, although the 
actual cross-sectional area input is 1.37×10-7m2, the diameter of the cylindrical yarn 
surface generated must be manually altered. The contact thickness or diameter was 
assigned a value of 0.254mm, which is half the fabric thickness (Table 6.1). This is 
because the fabric thickness at yarn crossover points is the sum of two yarn 
thicknesses. These modifications to the fabric yarn thickness only affect the contact 
surfaces and serve to maintain contact between yarns at the crossover points in the 
fabric. They do not alter the actual cross-sectional area in the calculations. 
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In order to model clamping of the fabric on two sides, ‘pinned’ boundary 
conditions (u1 = u2 = u3 = 0, where ui are the displacements in the three axis 
directions) were assigned to the all the yarn nodes at those locations. The projectile 
centre of mass was constrained with respect to displacement and rotational degrees of 
freedom except for displacement in the direction of impact u2. Figure 6.15 shows the 




Fig. 6.15: FEM model of projectile impact on Spectra® 903 fabric           










6.2.4 Refinement of Fabric Mesh 
As an attempt to improve the accuracy of the simulations, the zigzag yarn 
pattern was replaced by a sine waveform consisting of spline curves (Fig. 6.16), with 
the number of elements per half sine increased to four. However, it was found that 
ABAQUS requires truss elements to be slender, i.e. the minimum length to diameter 
ratio of the truss elements is 1. If the prescribed ratio is too small, the truss thickness 
for contact calculations will be reduced automatically. While the numerical value of 
the cross-sectional area remains unchanged, yarns above and below each other are no 
longer in contact. This results in too much slack in the fabric, enabling the projectile 
to slip through the yarns (Fig. 6.17). It was found that the maximum number of 
elements allowed per half sine segment without reduction of the contact thickness is 














Fig. 6.17: Simulation of Spectra® 903 fabric consisting of spline yarns 
showing slip-through of projectile                                          
(100m/s impact velocity, no failure incorporated)  
 
6.2.5 Employment of Quarter Model for Parameter Testing 
A quarter fabric model (Fig. 6.18) has the advantage of a significant reduction in 
computational time due to the greatly reduced number of elements. Total symmetry is 
only achieved when the axes of symmetry lie along the respective longitudinal axes of 
orthogonal central yarns. Consequently, these yarns must have their cross-sectional 
areas reduced to half the value (6.87×10-8m2) as they are effectively split lengthwise 
into half (Fig. 6.18). This does not affect the contact between yarns at crossover 
points, as the surface thickness is maintained at 0.254mm, which is the diameter of a 





Yarn cross-sectional area 
reduced by half while 
thickness is unchanged 
Fig. 6.18: Quarter model of Spectra® 903 fabric                         






All the element nodes along the axes of symmetry parallel to the clamped side 
are assigned ‘Xsymm’ boundary conditions (u1 = ur2 = ur3 = 0, where ur is the 
angular rotation) while the nodes at the axis of symmetry parallel to the free side are 
assigned ‘Zsymm’ boundary conditions (u3 = ur1 = ur2 = 0). As described in Section 
6.2.3, the clamped side is ‘pinned’ (u1 = u2 = u3 = 0). (All directions are with reference 
to the coordinate system in Figure 6.18.)  
 
The location of the reference point of the rigid quarter projectile remains the 
same as though it were an entire sphere. This does not affect the results, as the 
projectile is assigned displacement and rotation boundary conditions that only allow 
movement along the y-axis (u1 = u3 = ur1 = ur2 = ur3 = 0). The projectile mass must 
however be reduced by a factor of four. It was found that for an impact velocity of 
100m/s, the variation of projectile velocity and fabric deflection with time were 
identical for both the full (Fig. 6.15) and the quarter model (Fig. 6.18). The quarter 
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model should therefore be able to fully represent the full model should there be a 
requirement to reduce computational time. 
 
6.2.6 Development of Yarn Model to Incorporate Material 
Failure 
It was found that if the material properties are defined by the Wiechert model, 
ABAQUS does not allow yarn failure to be defined. It was therefore decided to 
represent the yarn in a composite form consisting of one elastic and one viscoelastic 
element per straight segment (Fig. 6.19). Each straight segment thus forms a material 
unit, in which failure is assigned to the elastic element. The ability to represent the 
viscoelastic property using one elastic and one viscoelastic element is based on the 
fact that the five-element Kelvin model is equivalent to the five-element Wiechert 
model [30, 31], i.e. both models can represent the same viscoelastic property. 
























































































for which A is the yarn cross-sectional area, while L is the length of one straight 
segment of the V-pattern and consists of two elements (Fig. 6.19). Curve fitting is 
applied to the experimental stress-strain data obtained in Chapter 3 using a MATLAB 
least-squares-error subroutine, and the constants derived for the five-element 







































K∞ is the long-term stiffness and the instantaneous stiffness K0 is given by 
PPP KKKK 3210 ++=  (6.8) 
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resulting in a value of 26.15MNm-1. The respective forces in a spring with a constant 























and  (6.10) 
 
where E and µ are the modulus and viscosity constants introduced in Section 6.2.2. 
By substituting the preceding expressions into Equations (6.9), the spring and 







and  (6.11) 
 
As a result, the spring and dashpot constants derived by curve fitting can also be 
calculated directly by substituting the constants in Section 6.2.2 – based on stress-
strain representation of the viscoelastic model according to Equation (6.2) – into 
Equation (6.11). Figure 6.20 shows that the instantaneous stiffness constant K1 in the 
five-element Kelvin model can be split into two spring constants K1a and K1b. K1 is 








1 +=  (6.12) 
 










The system on the right side of the dashed line in Figure 6.20 is equivalent to a 
five-element Wiechert model, which is required by ABAQUS to represent 
viscoelastic response. The resulting idealisation is depicted in Figure 6.21 and 
consists of a spring of constant K1a in series with a five-element Wiechert model.  
 
 
Fig. 6.21: Equivalent viscoelastic system consisting of a spring in 

























6.2.6.1 Calculation of Young’s Modulus for Elastic Elements of 
Composite Model 
As the fabric yarns are now represented by elastic and viscoelastic elements 
(Fig. 6.19), the boundaries between these elements are equivalent to mismatches in 
mechanical impedance, which could affect the modelling of stress wave propagation. 
Therefore, the impedances of the elastic and viscoelastic portions must be made as 
similar as possible to minimise reflection of stress waves at their interfaces and 
thereby artificial increments in stress in the elements. 
 
The mechanical impedance I is defined by 
cAI ρ=  (6.13) 
 
where A is the cross-sectional area, ρ the density and c the elastic wave speed 
calculated from 
ρ
Ec =  (6.14) 
 
Since the two elements in one repeating yarn unit already have the same cross-
sectional area A and density ρ, to match their impedances, they must also have the 





















If two elements with the same modulus E and cross-sectional area A are joined 






















Therefore, if their impedances match, the length of the viscoelastic element Lb 
must be 
R
LLb += 1  (6.18) 
 
However, although the stiffness of the elastic element remains constant, the 
stiffness and modulus of the viscoelastic element change with strain rate. Thus, the 
impedances of the two elements will never match exactly. However, the difference in 
stiffness, and therefore modulus and wave velocity, can be minimised. 
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The instantaneous stiffness of the viscoelastic element K0b, i.e. the stiffness 








b −=  (6.19) 
 
The long-term stiffness of the viscoelastic element K∞b, i.e. the stiffness when 










1  (6.20) 
 
When the strain rate is infinite, the impedances of the two elements match when 
the length of the viscoelastic element L0b, according to Equations (6.15) and (6.18), is 
0
0 1 R
LL b +=  (6.21) 
 
 








0 =  (6.22) 
 
Similarly, when the strain rate is zero, Equations (6.15) and (6.18) indicate that 
for the impedances of the two elements to match, the length of the viscoelastic 
















∞ =  (6.24) 
 
To minimise impedance mismatch as the strain rate varies between zero and 
infinity, it was decided to use the average of these lengths. This average length must 
be half the length of one side of the V-pattern in the fabric model. Therefore, 









LLLL bb 11 0
0  (6.26) 
 
Substitution of Equations (6.22) and (6.24) into Equation (6.26) reduces it to 
bba KKK ∞= 021  (6.27) 
 
Furthermore, substitution of Equations (6.19) and (6.20) into Equation (6.27) 
yields 
∞+= KKK a 01  (6.28) 
 
and therefore K1a = 29.79MNm-1 for Spectra® 903 fabric (with K0 and K∞ values from 
Section 6.2.6). 
 
As the length of the elastic element a is L/2, the spring constant according to 
Equation (6.11) becomes 
L
AEK aa 11
2=  (6.29) 
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1 =  (6.30) 
 
and E1a = 133.93GPa, based on L and A values of 1.236mm and 1.37×10-7m2 
respectively. The elastic material properties of element a are presented in Table 6.4. 
 
6.2.6.2 Calculation of Parameters for Viscoelastic Elements of 
Composite Model 
Having calculated the spring constant K1a of the elastic element a so that 
impedance mismatch is minimised, the Wiechert model constants for the viscoelastic 
portion b of the two-element composite system (Fig. 6.21) can now be determined. To 
do this, the force F(ε), elongation δb(ε) and elongation rate  in the viscoelastic 
element b must first be tabulated.  
)(εδb&
 
The total elongation rate of both elements (Fig. 6.22) is calculated from δ&
)600s(0.001s , -1-1 ≤≤= εεδ &&& L  (6.31) 
 
where ε&  is a specified total strain rate whose value is constant for each set of data to 






The total elongation δ(ε) is given by 
)004.00(,)( ≤≤= εεεδ L  (6.32) 
 
where ε is a specified total strain for the two elements and is tabulated for values of 0 
to 0.004 in increments of 4×10-4 for each strain rate ε& .  
 
The force F(ε) is calculated by substituting the viscoelastic constants determined 
in Section 6.2.6 and the values of and δ(ε) obtained from Equations (6.31) and 
(6.32) into Equation (6.6). The elongation of the elastic element a, δ
δ&







)()( εεδ =  (6.33) 
 
where K1a = 29.79MNm-1 from Equation (6.28). 
 
Therefore, the elongation δb(ε) of the viscoelastic element b is 
)()()( 1 εδεδεδ ab −=  (6.34) 
 
The time required for the overall strain to attain a value of ε is 
0.004)(0 ,)( ≤≤= εε
εε &t  (6.35) 
 
Therefore, the elongation rate  is )(εδ b&

















Since the two elements are in series, the force experienced by the viscoelastic 
element is also F(ε). As previously mentioned, the process is repeated for seven pre-
determined strain rates ε&  ranging from 0.001s-1 to 600s-1 in increments of 100s-1 to 
produce seven sets of calculated , F(ε) and δ)(εδb& b(ε). These are consolidated and fed 
into a MATLAB curve fitting subroutine to obtain the five-element Wiechert model – 
Equation (6.6) – constants for the viscoelastic element b, as denoted in Figure 6.21.  
 
The resulting constants are 

















































































The instantaneous modulus E0b defined by Equation (6.3) is 781.58GPa. The 
shear and bulk modulus fractions gib and kib and the relaxation times τib are calculated 































The viscoelastic material properties of element b are presented in Table 6.5. 
 
6.2.7 Fabric Model Failure Properties 
6.2.7.1 Damage Initiation 
The accuracy of the numerical simulations also depends on the failure initiation 
criterion. Most of the work done so far has adopted a maximum strain or stress failure 
initiation criterion [9, 45, 46, 58]. In the current model, the two elements that make up 
a repeating unit are in series (Fig. 6.22); consequently, the stress in both elements is 
common. Therefore, it was decided to use maximum stress to initiate failure for the 
elastic element a. Figure 3.45 in Chapter 3 shows that the failure stress of Spectra® 
900 yarns at dynamic strain rates is relatively constant, with an average value of 
2420MPa. However, Figure 6.23 indicates that the gradients of the experimental 
stress-strain curves drop slightly before failure. This is attributed to progressive 




Fig. 6.23: Comparison of strain energy dissipated based on average experimental 
failure stress σf(expt) with that based on average stress σf calculated from 
































failure stress σf  
=  2612MPa  Strain energy dissipated if 
σf(expt) is used (area A) 
Strain energy 
dissipated if σf  





failure stress σf(expt) = 
2420MPa 
 
Hence, if the average experimental failure stress σf(expt) is used to define fabric 
failure, the strain energy calculated from the area under the stress-strain curve 
predicted by the Wiechert model (area A in Fig. 6.23) would be significantly lower 
than the actual experimental value (areas under experimental curves in Fig. 6.23). It 
was therefore decided to use the five-element Wiechert model Equations (6.2) to 
calculate failure stresses based on failure strains from the experimental dynamic 
stress-strain curves. The average of the corresponding stresses is then taken as the 
constant failure stress σf and a value of 2612MPa was obtained. Figure 6.23 indicates 
that the strain energy based on σf (area A+B) is significantly larger than that based on 
σf(expt) (area A); and is closer to the actual strain energy dissipated (average of areas 
under experimental curves). 
 
However, ABAQUS only allows damage or failure initiation when the material 
has an equivalent plastic strain that the onset of damage can be identified with. Thus, 
element a is assigned the properties of an elastic-plastic, linear strain-hardening 
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material with a Young’s modulus of E1a and a yield stress of σy that coincides with the 
failure stress σf of 2612MPa. The ABAQUS ‘ductile’ damage initiation criterion was 
used and the plastic strain at which damage initiates  was made as small as 
possible and given a value of 1×10
pl
fε
-12 (Table 6.4); this means the material starts failing 
at σf. 
 
6.2.7.2 Damage Evolution 
After failure initiates, damage in the yarn manifests itself in two forms: a 
decrease in the stress and a degradation of the elasticity. This is attributed to 
progressive rupture of the filaments which make up the yarn. Chocron-Benloulo et al. 
[61] and Zohdi [62] used a damage variable to model the damage evolution of yarns. 
On the other hand, Wang and Xia [4, 28] employed a Weibull statistical model to 
account for progressive fracture. In this model, gradual rupture is considered a result 
of non-uniform tensile strength distribution in the fibres. The former method is 
employed by ABAQUS to model gradual failure. 
 
The area under the stress-strain curve in the region of damage gf, as shown in 












































where L is the length of one yarn unit consisting of two elements and is equal to 
1.236mm. From the experimental stress-strain curves (Fig. 3.27, Chapter 3), the 
average fracture energy Gf was calculated to be 20N/mm. This fracture energy is 
assigned to the elastic element a and an ABAQUS ‘energy type’, ‘linear softening’ 
damage evolution behaviour was chosen for this element. Correspondingly, the stress-
strain response of the elastic element should follow that depicted in Figure 6.25; the 
associated material properties are shown in Table 6.4. 
 
 


















σf  = 2612MPa 
gf













If the material does not fail completely, the stress returns to zero via a relaxation 
modulus Er (Fig. 6.25) of  
ar EDE 1)1( −=  (6.39) 
 
 where the damage variable D is 
σ
σ−=1D  (6.40) 
 
6.2.8 FEM Verification of Composite Yarn Material 
Parameters 
Finite element simulation to verify the stretching of a yarn composite unit at a 
constant strain rate ε&  was performed and the truss model is shown in Figure 6.26. 
The elastic element a was assigned the properties in Table 6.4 while the viscoelastic 
element b was given the properties in Table 6.5. These properties were determined in 













Table 6.4: Material properties prescribed to elastic element a in fabric model 
Density, ρ (kg/m3) Cross-sectional 
area, A (m2) 
Elastic modulus, 
E1a (MPa) 
Poisson’s ratio, v 
970 1.37×10-7 133,929 0.25 
    
 








2612 992.6 1×10-12 20 
 
Table 6.5: Material properties prescribed to viscoelastic element b in fabric model 
 
Density, ρ (kg/m3) Cross-sectional 




Poisson’s ratio, v 
970 1.37×10-7 781,581 0.25 
    
Shear, bulk 
modulus fraction,  
g2b, k2b
Relaxation time, 





τ3b  (s) 
9.442×10-1 2.221×10-6 3.199×10-2 3.060×10-3
 
The yarn ends were prescribed a constant velocity Vpull (Fig. 6.26), which is 
calculated from 
2pull
LV ε&=  (6.41) 
 
Stress values σ(t) were then extracted from the elastic and viscoelastic elements 
and plotted separately against the overall strain ε(t), which is calculated from 
tt εε &=)(  (6.42) 
 
Simulations were performed for strain rates ε&  ranging from 100s-1 to 400s-1 in 
increments of 100s-1. Figure 6.27 shows that the stress-strain curves for both elastic 
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and viscoelastic elements exhibit good agreement with the experimental results. This 
process was repeated for a yarn with a length of 50L, which is half the length of a 
yarn in a 120×120mm fabric (Fig. 6.15), in order to examine whether the numerous 
element boundaries cause significant stress wave reflections and therefore generate 
inaccurate stress-strain curves. Stresses from the central composite unit of the 50L 
yarn were monitored. The results were identical to those obtained previously (Fig. 
6.27) from simulations of a yarn of length L. Thus, the material properties for the 
elastic element a (Table 6.4) and the viscoelastic element b (Table 6.5) are suitable for 
modelling the response of Spectra® 903 fabric to projectile impact. 
 
Fig. 6.27: Comparison of simulation stress-strain results with experimental data      




























6.3 Simulation of Impact Response of Spectra® 903 
Fabric 











The properties of the elastic element a and the viscoelastic element b in Tables 
6.4 and 6.5 were assigned to the fabric model, with the yarns having the same          
V-pattern geometry described in Section 6.2.1 (Figs. 6.12, 6.14), as well as 
interactions and boundary conditions similar to those discussed in Section 6.2.3. For 
convenience, the elements corresponding to the upper surface of the fabric were 
assigned to be elastic – elements a – while those on the lower surface were designated 
to be viscoelastic – elements b – as indicated in Figure 6.28. Each arm of the ‘V’ has 
one elastic, and one viscoelastic element, making up a complete yarn unit (Fig. 6.26). 
The fabric model was created using the software PATRAN for subsequent input into 
Fig. 6.28: Assignment of yarn material properties in fabric model 
Red – element a (elastic) 
Green – element b (viscoelastic) 
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ABAQUS. Simulations were performed for impact velocities ranging from 35m/s to 
300m/s. 
 
Holes in fabric caused 









Fig. 6.29: Simulation of projectile penetration of Spectra® 903 fabric (50m/s 
impact velocity) 
 
Simulations (Fig. 6.29) show that as the fabric deflects transversely upon 
projectile impact, the ends of the unclamped yarns start to flail. As they curl back and 
strike the other parts of the fabric, they cause failure and deletion of elastic elements 
at the yarn ends. Consequently, numerous viscoelastic elements (elements b) are 
released, which in turn cause failure when they strike the fabric. This also occurs at 
the centre of the fabric (Fig. 6.29); after the principal yarns there fail, the broken 
halves curl back onto themselves and the resulting collisions trigger further failure, 
resulting in rapid widening of the central hole. Stresses in elastic elements that failed 
were monitored and it was found that there is a spike in the stress whenever two truss 
elements collide at high velocity. In an actual fabric, the yarns are extremely flexible, 
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but the fabric model consists of relatively coarse truss elements, which are rigid under 
bending and therefore generate large stresses when they collide with one another. 
 
To address this unrealistic situation, the regions where failure is permitted to 
initiate must be limited. The distribution of the elastic and viscoelastic elements 
remains unchanged, as shown in Figure 6.28, but failure is not permitted for most of 
the elastic elements, i.e. the failure criterion and plastic deformation properties in 
Table 6.4 are removed for these elements.  
 




Red – element a (elastic with failure) 
 
Green – element a (elastic w/o failure) 




Figures 6.30 to 6.32 depict the regions where failure can occur; these are mostly 
limited to clamped yarns, consisting of small areas of elastic elements at the centre 
and at the clamped ends. The region where failure is permitted (Fig. 6.30) consists of 
13 yarns and is 15mm wide, which is larger than the diameter of the 14.28mm 
projectile. The centre of the unclamped central principal yarn is also allowed to fail 
(Fig. 6.31). These constraints should not render the simulation results unrealistic, as 
the areas of failure observed in experiments were much smaller than the projectile 
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diameter and limited to clamped yarns. The formation of holes smaller than the 
projectile diameter has also been observed by Shim et al. [9] and Tan et al. [33]. 
 





Red – element a (elastic with failure) 
 
Green – element a (elastic w/o failure) 




allowed to fail    
 
 
Fig. 6.32: Elastic elements at clamped edge that are assigned failure criteria 
‘Pinned’ 
boundary  
Red – element a (elastic with failure) 
 
Green – element a (elastic w/o failure) 










applied to each 








Fig. 6.33: Fabric model with a small tension applied to the free yarn ends 
to prevent excessive rotation of truss elements 
 
 
Simulations were repeated and it was found that although the flailing of free 
yarn ends no longer causes fragmentation of the fabric, it continues to generate high 
stresses, which propagate towards the centre and initiate premature failure in some 
yarns. Thus, a small pre-tension of 0.05N was applied to the end of each unclamped 
yarn (Fig. 6.33). This tension is equivalent to only 0.014% of the failure stress and 
should not affect the results. There was no need to allow time for these small forces to 
propagate and attain uniformity in the yarns as their only purpose was to prevent 
excessive rotation of truss elements at the yarn ends. 
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6.4 Validation of Fabric Model 
























Fig. 6.34: Variation of energy absorbed by fabric with impact energy – comparison 
of simulation with experimental results 
 
Simulation results for energy absorbed by the fabric over an impact velocity 
range of 35–500m/s are plotted together with experimental data in Figure 6.34. The 
graphs show good agreement between the simulation and experimental results, with a 
maximum difference of approximately 20% at impact velocities of 100m/s and 
300m/s, corresponding to impact energies of 59.4J and 534.9J respectively. The 
ballistic limit was found to be 35m/s, lower than the experimental value of 40m/s. The 
simulation results display a sharp decrease in energy absorption after a critical 
velocity of 250m/s and the absorbed energy begins to plateau for impact velocities 
exceeding 350m/s.  
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6.4.2 Analysis of FEM Results 
 
The fabric deformation predicted by finite element simulation was analysed and 
compared with high-speed photographs from experiments for several impact 
velocities V0. Figure 6.35 shows that at the ballistic limit of 35m/s, the projectile does 
not perforate the fabric, and there is no yarn failure at the instant of maximum 
deflection. For an impact velocity of 50m/s, failure of the yarns occurs at the mid-
point of three of the clamped principal yarns (Fig. 6.36), instead of at the ends (Fig. 
6.8). The transverse wave, as defined by the transverse deflection of the fabric is 



















Fig. 6.36: FEM results for fabric after perforation (V0 = 50m/s) 
Clamped principal yarns 
broken at centre   
Pull-out of central 




The simulation results for fabric deformation for impact velocities of 100m/s 
and 200m/s are similar, with failure of yarns occurring at both the centre and at the 
clamped edges (Figs. 6.37, 6.38). This observation concurs with the experimental 
results for projectile perforation at 200m/s (Fig. 6.10). However, for impact at 
100m/s, experiments indicate that the yarns should fail only at the clamped edges and 
not at the centre (Fig. 6.9).  In the simulation for this impact velocity, nine clamped 
principal yarns fail and perforation occurs after the transverse wave reaches the 
clamped ends. For projectile impact at 200m/s, simulation results indicate failure in 
thirteen clamped principal yarns, initiating just as the transverse wave reaches the 






 Clamped principal yarns 
broken at centre and 
ends  
Pull-out of central 
unclamped yarn   






Clamped principal yarns 
broken at centre and ends  
Fig. 6.38: Perforation initiating as transverse wave arrives at clamped 
boundaries (V0 = 200m/s) 
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When the impact velocity is raised to 300m/s, the FEM model shows failure 
occurring at the midpoint of seven clamped principal yarns, with perforation 
commencing before the transverse wave has time to reach the clamped edges (Fig. 
6.39). Pull-out of the central unclamped principal yarn is observed for all impact 
velocities beyond the ballistic limit up to 300m/s (Figs. 6.36, 6.37). The waving of the 
free yarn ends as the fabric deflects is also replicated. 
 
Fig. 6.39: Perforation of fabric before transverse wave reaches clamped 
ends (V0 = 300m/s) 
V
Clamped principal 
yarns broken at 
centre 
 
The discrepancies in the predicted locations of failure for projectile impact at 
50m/s and 100m/s, and the excessive number of failed yarns for all velocities beyond 
the ballistic limit, compared to experiments, are attributed to small spikes in element 
stresses generated by contact with the projectile during fabric deflection (Fig. 6.40). 
As discussed in Section 6.3.1, these jumps in stress arise because of the rigid nature of 
truss elements under bending. The stress spikes occur throughout the simulation but 
may not be captured in the stress-time graphs because of insufficiently frequent 
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simulation outputs. These stress jumps cause the elements at the centre of the fabric to 
fail prematurely as the stress levels in these elements increase suddenly to failure 
stress σf (Fig. 6.40). Although premature failure of yarns at the centre affects what is 
observed in the FEM results, they occur when the stress is close to the failure value 
and therefore do not significantly affect the energy absorbed by the fabric, as shown 
in Figure 6.34.  
 
Fig. 6.40: Stress history of elastic element that fails in central clamped principal 
























σf = 2612MPa Stress spike 
 
6.4.3 Alternating Arrangement of Elements 
Instead of having all the elastic elements at the upper surface of the fabric and 
all the viscoelastic elements at the bottom, as illustrated in Figure 6.28, the material 
properties are reassigned so that the fabric now consists of alternating elastic and 
viscoelastic elements (Fig. 6.41). This is done to investigate if the arrangement of the 
elastic element a and viscoelastic element b in the fabric has any effect on the 
simulation results. Each arm of the V-unit continues to make up a material unit by 
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Red – element a (elastic) 
Green – element b (viscoelastic)
Fig. 6.41: Alternating assignment of material properties to yarn 
possessing one elastic and one viscoelastic element. The regions permitted to fail are 
similarly confined to the centre (Fig. 6.42) and the clamped edges (Fig. 6.43). All 
other conditions are the same as those in Section 6.3. Simulations are again 
undertaken for impact velocities in the range of 35–500m/s and they yield identical 

















allowed to fail    
‘Pinned’ 
boundary  
Red – element a (elastic with failure) 
 
Green – element a (elastic w/o failure) 
+ element b (viscoelastic)    
Fig. 6.42: Elastic elements at the fabric centre that are assigned failure criteria 




Red – element a (elastic with failure) 
 
Green – element a (elastic w/o failure) 
+ element b (viscoelastic)    
Fig. 6.43: Elastic elements at clamped edge that are assigned failure criteria 
for alternating element model 
 
6.5 Effect of Impact Velocity on Energy Absorption 
According to Shim et al. [9], the fabric deformation and failure mechanisms 
depend on impact velocity. At low impact velocities, yarns do not fail during the 
initial phase of stretching; therefore, transverse deflection in the fabric has time to 
propagate to the edges, allowing absorption of more energy. At high impact 
velocities, yarn stresses increase rapidly to high levels, generating localised damage 
and yarn failure before significant transverse deflection can develop. The present 
study shows that the variation of energy absorbed with impact energy (Fig. 6.34) is 
primarily determined by the kinetic energy transferred to the fabric. The kinetic 
energy of the fabric is a function of the amount of material involved in transverse 
deflection and the rate at which the pyramidal deformation develops. For low impact 
velocities, essentially all of the fabric material is transversely deflected. An increase 
in impact velocity causes a higher speed of transverse deflection, which translates to 
an increase in fabric kinetic energy and hence energy absorbed up to the critical 
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velocity. As the strain rates induced in yarns are also elevated with impact velocity, 
the fabric fails faster, limiting the duration of energy absorption. Consequently, when 
the impact velocity increases beyond the critical velocity, the decreasing time to 
failure offsets the higher rate of kinetic energy transfer to the fabric, causing a 
reduction in fabric kinetic energy and hence a smaller energy absorbed.  
 
6.6 Summary 
Impact tests involving 11.89g, 14.28mm diameter spherical projectiles striking 
Spectra® 903 fabric specimens measuring 120×120mm and clamped on two sides 
were performed. The ballistic limit was found to be 40m/s and an increase in impact 
velocity results in an increase in energy absorbed up to a critical velocity of 200m/s, 
after which the absorbed energy decreases sharply. High-speed photographic images 
show that there are significant differences in the fabric failure patterns as the impact 
velocity is increased. 
 
An FEM fabric model based on ABAQUS (Explicit) was developed to simulate 
ballistic penetration of Spectra® 903 fabric. Due to limitations on the size of the truss 
elements, the yarns are modelled by a zigzag line, consisting of two truss elements per 
straight segment. Friction is introduced to model relative movement between yarns, 
and to maintain appropriate contact between yarns, the contact thickness has to be 
adjusted. To incorporate failure, the viscoelastic material properties of the yarns are 
captured by splitting each material unit into two elements, an elastic and a viscoelastic 
one. Each arm of the V-pattern thus forms a material unit, in which failure properties 
are assigned to the elastic element.  
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A method was derived to calculate the appropriate Young’s modulus of the 
elastic element and the constants for the Wiechert model viscoelastic element so that 
impedance mismatch between the two elements is minimised. In order to closely 
match the stress-strain response and strain energy characteristics of Spectra® 900 
yarns, an appropriate failure stress was calculated by inserting experimental failure 
strains into the viscoelastic equation and obtaining the average of the resulting 
stresses. A fracture energy was also introduced to mimic the gradual failure exhibited 
by yarns. Simulated tension tests showed good agreement with experimental stress-
strain curves. 
 
Initial simulations indicated that the flailing of the ends of unclamped yarns 
generates sudden high stresses in elements at those locations and in neighbouring 
elements, thus causing premature failure of yarns. The regions in the fabric model 
permitted to fail and assigned the failure criterion were therefore limited to the centre 
and at the clamped edges as observed in tests. Even then, flailing of yarn ends 
continued to generate high stresses, which propagated to the centre of the fabric 
specimen model, causing premature failure. Therefore, a small pre-tension load was 
applied to the ends of unclamped yarns to prevent excessive rotation of the elements 
there. 
 
The energy absorption characteristics predicted by the refined FEM fabric 
model showed good agreement with experimental results.  The predicted ballistic 
limit was 35m/s, and the critical velocity for maximum energy absorption was 
250m/s. The regions of failure predicted for impact velocities of 200m/s and 300m/s 
concurred with experimental results. However, at 50m/s and 100m/s, yarns failed 
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prematurely at the centre and too many yarns failed at all impact velocities. This was 
due to the generation of small stress spikes in truss elements making contact with the 
projectile, thus inducing failure slightly prematurely and in elements where the stress 
did not exceed the failure stress if the spikes were absent. The unravelling or pull-out 
of the central unclamped yarn was correctly modelled. 
 
The energy absorption characteristics of Spectra® 903 fabric with respect to 
impact velocity are accounted for by the rate of transverse deflection and the amount 
of material deflected. At low impact velocities, an increase in impact velocity raises 
the transverse deflection rate and hence the energy absorbed through kinetic energy 
transfer. As the strain rates in yarns rise with impact velocity, the fabric fails earlier. 
Beyond the critical velocity, the shorter time to failure offsets the increasing rate of 
kinetic energy transfer to the fabric and less material is transversely deflected, thus 
decreasing the energy absorbed. 
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Chapter 7 – Conclusions 
7.1 Summary of Findings 
Quasi-static and dynamic tensile tests were conducted on Spectra® 900 yarns at 
various temperatures. Initial results showed that the dynamic stress-strain data were 
affected by the mechanical impedance of the specimen grips, which differed from that 
of the input/output bars. This highlights that the Hopkinson bar method is sensitive to 
impedance changes in the path of wave propagation, and this effect must be 
considered in tests in which additional components are incorporated for specimen 
attachment purposes. A data correction algorithm based on one-dimensional stress 
wave theory was developed to process the input/output bar strain signals for 
Hopkinson bar tests involving grips that have mechanical impedances which are much 
larger than that of the sample. Application of this method to the results of finite 
element simulations of tensile Hopkinson bar tests on a simple elastoplastic material, 
as well as experiments on Spectra® 900 yarns using impedance-matched grips, 
confirmed the validity of the method. 
 
Analysis of the corrected stress-strain data shows that there is a monotonic 
increase in stress and modulus at any given strain, accompanied by an increase in 
failure stress and a decrease in failure strain, when the strain rate is increased to 
approximately 500s-1 at any temperature. As the temperature is increased from 20°C 
to 60°C, there is an obvious and consistent decrease in the modulus of the yarn, 
together with an increase in failure strain and a decrease in failure stress, for any 
given strain rate. The study shows that a five-element viscoelastic model provides a 
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good fit for the experimental data. SEM images of broken filament ends indicate that 
Spectra® 900 yarn exhibits a transition from predominantly ductile failure at quasi-
static strain rates to a mix of ductile failure and brittle fracture modes at dynamic 
strain rates. This transition always occurs regardless of testing temperature.  
 
Quasi-static and dynamic tensile tests were also conducted on Spectra Shield® 
composite laminate at room temperature and the data correction algorithm was 
applied to the raw data. For this material, a three-element viscoelastic model is 
sufficient to describe the material response and provides a good fit with experimental 
data. Analysis of the corrected stress-strain data shows that there is a consistent 
increase in the stress and modulus for a given strain, as well as an elevation in failure 
stress and a decrease in failure strain, as the strain rate is increased. SEM images of 
broken filament ends indicate that Spectra Shield® exhibits a transition from 
predominantly ductile failure at quasi-static strain rates to predominantly brittle 
fracture modes under dynamic loading. When the strain rate is increased beyond  
300s-1, it becomes easier to identify filaments that fail in a ductile manner or by 
shearing, although brittle failure is still dominant. It is suggested that these effects 
may cause a reversal in the trend of increasing modulus and strength if the strain rate 
is increased even further. 
 
Tests involving transverse impact by a projectile on single yarns were used to 
obtain the instantaneous yarn modulus. Finite element analysis of transverse impact 
on an elastic yarn, using ABAQUS, is able to simulate longitudinal stress wave and 
transverse wave propagation, and confirm that this method can be used to determine 
the yarn modulus and the elastic stress and strain in the yarn at the longitudinal wave 
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front.  An increase in strain rate requires an increase in projectile velocity, while an 
increase in pre-tension has no effect on the strain rate. The coefficient of friction 
between the projectile and the yarn affects the propagation of stress waves across the 
impact point.  
 
Finite element simulations of transverse impact on a viscoelastic yarn show that 
unlike an elastic material, the stress and strain at the longitudinal wave front and the 
transverse wave velocity decay as the waves propagate. It is found that the transverse 
impact equations are only applicable for a very short duration following impact, when 
the transverse wave velocity has not yet started to decay. Transverse impact 
experiments on both Spectra® 900 and Spectra® 1000 yarn showed that the transverse 
impact equations, for the maximum transverse wave velocity attained, are accurate in 
calculating the instantaneous modulus. Therefore, this method is useful in validating 
the dynamic properties of Spectra® 900 yarns obtained from Hopkinson bar tests. 
 
Projectile penetration tests were performed on Spectra® 903 fabric specimens 
clamped on two sides. An increase in impact velocity is accompanied by an increase 
in energy absorbed until a critical velocity, after which the energy absorbed decreases 
sharply. High-speed photographs show that there are significant differences in the 
failure patterns in the fabric as the impact velocity is increased. An FEM model for 
fabric, based on ABAQUS software, was developed to simulate the projectile 
penetration of Spectra® 903 fabric. Yarn elements are arranged in a zigzag pattern, 
with two truss elements per straight segment, and friction is introduced to capture 
inter-yarn sliding. Each arm of the V-pattern constitutes a material unit consisting of 
one elastic and one viscoelastic truss element, with failure assigned to the elastic 
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element. A method was derived to calculate the Young’s modulus of the elastic 
element and the Wiechert model constants of the viscoelastic element so as to 
minimise impedance mismatch between the two elements. The failure criterion of the 
elastic element incorporates both a failure stress and a fracture energy. Flailing of 
yarn ends at the unclamped edges generated sudden stresses which caused premature 
failure in that vicinity. Therefore, regions in the fabric model that are allowed to fail 
are limited to the centre and the clamped edges, and a small pre-tension is applied to 
the ends of each free yarn to preclude excessive rotation.  
 
The energy absorption characteristics of the fabric model show good agreement 
with experimental results, with regions of failure for higher impact velocities 
displaying good correlation. However, agreement with experiments is less close for 
lower impact velocities and too many yarns fail in all cases. This is due to small stress 
spikes generated in the truss elements that come into contact with the projectile, 
causing failure to be initiated before the general stress level attains the designated 
failure stress. Unravelling or pull-out of the central unclamped yarn is correctly 








7.2 Recommendations for Future Work 
The Hopkinson bar method has been shown to be sensitive to impedance 
changes in the path of stress wave propagation. This must be considered in situations 
such as the tensile testing of yarns, where a fixture has to be used to grip the sample. 
With regard to specimen grips, it may not be possible to arrive at an appropriate 
combination of material modulus and density to match the mechanical impedance of 
the input/output bars (as well as yield stress to prevent yield). Moreover, it may not be 
feasible to construct impedance-matched grips for small-diameter Hopkinson bars. 
Consequently, the correction method derived could be used in conjunction with 
Hopkinson bar tests incorporating impedance-mismatched grips to obtain the dynamic 
properties of other high-strength yarns such as Twaron® and Kevlar®, as well as other 
grades of Spectra® yarn. The correction method can also be applied to previous test 
data which did not consider the implications of impedance variation generated by 
fixtures. 
 
The dynamic properties of Spectra® 900 yarn have been shown to be affected by 
temperature. This has implications on the energy absorption characteristics of 
UHMWPE based fabrics and composites. High-temperature dynamic tensile tests 
could be conducted on Spectra Shield® LCR so that a comparison can be made with 
its properties at room temperature. SEM images of dynamically tested Spectra 
Shield® filaments show that there is an increase in the proportion of filaments that fail 
in a ductile manner or by shearing, as the strain rate is increased beyond 300s-1. It is 
hypothesized that this arises from an increase in heating generated by viscoelastic 
hysteresis and inter-filament friction with strain rate, as well as insufficient time for 
alignment of the filaments with the direction of load application before failure. 
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Thermographic image analysis using a high-speed infrared camera could be 
conducted on dynamically loaded Spectra Shield® specimens in order to ascertain the 
occurrence of adiabatic and frictional heating. 
 
It would be instructive for efforts to be directed at achieving much higher strain 
rates ( ) and intermediate strain rates in the range of 10–100s-1s1000≥ε& -1 to obtain 
information on the response of yarn and laminate samples.  
 
Idealisation of the viscoelastic properties of materials is done using a curve 
fitting method; this may not accurately reflect the behaviour at very high strain rates 
for which there is no stress-strain data. Therefore, it is recommended that transverse 
impact tests be used to verify the value of the instantaneous modulus and thus the 
viscoelastic properties of other high-strength yarns such as Twaron® and Kevlar®. 
Since the transverse impact equations are only applicable for a very short time after 
impact, a high photographic framing rate (≥100,000fps) and resolution are required 
for accurate results to be obtained. The projectile velocity should be increased in 
future tests so that the transverse wave velocity does not decay as rapidly. 
 
This study has resulted in the development of a computational simulation model 
for a single-ply fabric armour system, which incorporates the major energy absorption 
mechanisms related to projectile perforation. The model can be extended to 
investigate multiple-ply systems. The current model is based on a plain woven 
structure, but this can be extended to describe other common weave patterns in 
armour-grade fabrics, such as a basket weave.  Besides Spectra®, the response of other 
high-modulus, high-tenacity (HM-HT) fabrics and composites can be investigated via 
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the computational approach developed. Experimental characterisation and constitutive 
modelling of different fabric material can also follow the methods established.  
 
It is likely that Spectra® fabric will be used in applications in which the 
operating temperature is higher than 20°C, such as near the engine block of armoured 
vehicles or to contain chamber explosions in military weaponry. The high-
temperature viscoelastic properties of Spectra® 900 yarn obtained in this study can be 
applied to computational models for projectile penetration of fabric. In actual 
applications of fabric armour, high-speed bullets or fragments are propelled by 
explosives, which significantly raise their temperatures before they strike the fabric. 
In addition, the temperature may increase from friction between the projectile and the 
fabric. The possible influence of these thermal factors on armour performance could 
be studied by developing a temperature-coupled yarn material model and performing 
tests using heated projectiles. 
 
Although the energy absorption characteristics predicted by the simulations 
show good agreement with experimental results, damage in the yarns is initiated 
prematurely, before the actual stress reaches the failure stress. This premature failure 
is attributed to the relatively large size of the truss elements which are rigid under 
bending, thus generating high contact stresses. It is recommended that a means of 
reducing the size of the elements be established and a low bending stiffness be 
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Appendix A 
Tensile Split Hopkinson Bar Theory [12] 
 
Fig. A1: Schematic diagram of specimen, input and output bars 










The incident tensile strain pulse is 
c
vi
i =ε  (A1) 
 
The reflected compressive strain pulse is 
c
vr
r −=ε  (A2) 
 
The transmitted pulse in the output bar is 
c
vt
t =ε  (A3) 
 





Therefore, the displacements at interfaces 1 and 2 are given by 
∫ −= t ri dtttctu
0
1 ))()(()( εε  (A4) 
∫= t t dttctu
0
2 )()( ε  (A5) 
 






−=ε  (A6) 
∫ −−= t tris dttttlct 00 ))()()(()( εεεε  (A7) 
 
The forces at the ends of the interfaces are 
)(1 riEAF εε +=  (A8) 
tEAF ε=2  (A9) 
 
Assuming that wave propagation effects within the specimen are negligible and 
that F1 = F2, 
itr εεε −=  (A10) 
 
Substituting Equation (A10) into Equation (A7), 
∫ −= t tis dtttlct 00 ))()((
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s εσ =  (A14) 
 
Summarising, the specimen stress, strain and strain rate are given by the 
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Stress Transmission in Discontinuous Shafts [49] 
 
Consider a stationery prismatic bar of cross-sectional area A0 subjected to a 
sudden compressive stress of magnitude σ0 at its free end (x = 0) such that a sudden 
velocity v is imparted to the particles at this end. The stress at the free end is 
0σσ −=xx  (B1) 
 
and the particle velocity is 
)0 ,0( === txuv x&  (B2) 
 
where ux is the displacement at the free end and the negative (−) sign for  σxx denotes 
compression. 
 
If the stress is maintained, then at some time t = ∆t, the disturbance (stress 
wave) would have propagated a distance c∆t into the bar, where c is the stress wave 
speed. All the particles within this original bar length of l0 = c∆t would have acquired 
a velocity of v. 
 
The impulse applied up to this instant is 





The momentum imparted is 
mvtF =Δ  (B4) 
vtcAtA ooxx )( Δ=Δ− ρσ  (B5) 
  
where F is the force at the free end, m is the mass of bar with particle velocity v and ρ 
is the bar material density.  
 
Therefore, the relationship between normal stress, stress wave speed and the 
particle speed imparted in an elastic medium of density ρ is 
cvxx ρσ −=  (B6) 
 
Strictly speaking, the above expression should be 
][~][ vcρσ −=  (B7) 
 
where [σ] is the change in stress. 
 
c~  is the wave velocity which takes account of the direction of propagation, i.e. 
c~ = +c if the wave velocity is in the positive x-direction and c~ = −c if it is 
propagating in the negative x-direction. 
 
[v] is the change in particle velocity, taking into consideration the sign of the 
velocity change, i.e. a stress-free bar can be travelling in the positive x-direction when 
a sudden but small restraining pull in the negative x-direction is given. The resultant 
particle velocity could still be positive but of a smaller magnitude. However, [v] is 
negative. 
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Note that for tensile stress waves, the direction of wave propagation is always 
opposite to that of the change in particle velocity; for compressive stress waves, they 
are in the same direction. 
 












][−=ε  (B9) 
 
This is a case of uniaxial stress. Hence, from Hooke's law and Equations (B7) 











σ  (B10) 
2cE ρ=  (B11) 
 
From Equation (B11), the elastic longitudinal wave speed for normal stress in 
terms of material properties is 
ρ
Ec =  (B12) 
 
The above equation indicates that in materials of the same density, longitudinal 
stress waves travel faster when the elastic modulus E is higher. In materials of similar 
stiffness, the wave speed is higher if the density is smaller. (However, in many 
materials, density and elastic stiffness vary in the same way.) In rigid-body 
mechanics, material is assumed to be perfectly rigid (E = ∞); hence the wave speed is 
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infinite, the body is loaded up instantly throughout and there is no deformation. (Note 
that the preceding simple analysis neglects the Poisson's ratio effect; i.e. compression 




















Consider a stepped bar made by joining two bars of different materials and 
cross-sectional areas (Fig. B1). On encountering the interface, an incident tensile 
stress σI will be both partially transmitted and reflected. Assume that both the 
transmitted σT and reflected σI components are tensile. These may be analysed by 
noting that at the interface: 
I. The force on both bars is common 
II. The particle velocities in both bars are common since no separation occurs 
 



























From Figure B1, the interface velocity is 
RIT vvv −=  (B14) 
 








σ −=  (B15) 
 
From Figure B1, the interface force is given by 
TRI AA σσσ 21 )( =+  (B16) 
 






























Theory of Transverse Impact on Fibres [3] 
 
Fig. C1: Configuration of a yarn after impact [3] 
Cl
Vdt Vt


















This analysis is based on that of Smith et al. [19, 20]. The configuration of the 
fibre at a time t after impact is shown in Figure C1. After impact, a point on the fibre 
does not experience any effects until the longitudinal wave front reaches it at time t. 
At this instant, the strain suddenly increases and the particle starts to move 
downwards towards the point of impact. The longitudinal stress wave velocity is 
given by 
ρεσρε //)/1(/)/1( ETMCl =∂∂=∂∂=  (C1) 
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where T is the tension, ε is the strain, σ is the stress, M is the mass per unit length of 
the unstrained yarn, E is the elastic modulus and ρ is the material density. The particle 
flow velocity is given by 
εlCW =  (C2) 
 
The material flows downwards with a velocity W along the fibre until time         
t = Y/U; this is the time of arrival of the transverse wave front. At this instant, the 
particle acquires sudden motion in the horizontal direction at the impact velocity V. 
The velocity of the transverse wave U, relative to the points on the unstrained fibre, is 
given by 
)1( ε+= M
TU  (C3) 
 
The tension in the fibre T is given by [63] 
ε20 lMCTT +=  (C4) 
 
where T0 is the initial tension in the fibre before impact. 
 
Consider the movement of the fibre from the standpoint of an external observer; 
at time t after impact, the outer portions of the fibre are vertical and motionless. In the 
region between the longitudinal wave front at y = Clt and the transverse wave front at 
y = Cst, the fibre has a strain ε and a particle velocity W. The transverse wave front 
propagates with velocity U relative to the unstrained fibre, but because of the strain 
and movement of the fibre, the velocity of the transverse wave front with respect to 
the laboratory coordinate system is Cs, which is given by [64] 
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WUCs −+= )1( ε  (C5) 
 
Using trigonometry, from Figure C1, we can find the following relationship: 
222 ])1[()1( WUUV −+−+= εε  (C6) 
 
The impact velocity V and the velocity of the transverse wave Cs, which is 
relative to the laboratory coordinate system, can be determined from high-speed 
photographic images. The mass per unit length M, the material density ρ and the 
cross-sectional area A = M/ρ can be obtained separately. 
 
From the Equations (C1–C6) we can obtain the following: 
]1/1[ 22 −+= ss CVCW  (C7) 
WTCWCB ss μ/2/ 02 −+=  (C8) 
2/]/4[ 0
2
1 MTBBC −+=  (C9) 
lCW /=ε  (C10) 
)/()( WCWCCU lsl ++=  (C11) 
22 )/( ll CAMCE == ρ  (C12) 
 
where B is an intermediate value. 
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